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ABSTRACT OF DISSERTATION

THE ROLE OF SOX4 IN REGULATING CHOROID FISSURE CLOSURE AND
RETINAL NEUROGENESIS

The development of the vertebrate eye is tightly controlled by precise genetic regulations.
From a single ocular primordium to bilateral eyes with complex structures and cell types, it
requires intensive proliferation and migration for cells in both the ectoderm and mesoderm to
accomplish ocular morphogenesis, and during this process cell differentiation and interaction
takes place to establish the complex composition of ocular cell types and cellular connections.
Genetic defects can lead to severe abnormalities in eye morphogenesis and cell differentiation
during ocular development. A tremendous amount of work has been done to identify both
intrinsic and extrinsic factors that regulate ocular development. However, much more work is
needed to fully understand this complex process.
Sox4 is known as a transcription activator that regulates cell survival and differentiation
in multiple embryonic tissues during development. Evidence of its requirement during ocular
development has recently emerged, but the mechanism by which Sox4 regulates ocular
development is far from elucidated. Chapter 1 of this dissertation provides an overview of
different stages in embryonic eye development and known genetic interactions during each stage.
It also reviews recent knowledge about SoxC proteins and their roles in ocular development.
Chapter 2 presents data characterizing the expression profile of the zebrafish sox4 co-orthologs,
sox4a and sox4b, in the developing eye. Additionally, it presents data from morpholino-mediated
sox4 knockdown in zebrafish, which indicate that Sox4 deficiency leads to defects in choroid
fissure closure through elevation in the Hedgehog (Hh) signaling pathway. Sox4 knockdown
causes upregulation of the Hh ligand indian hedgehog b (ihhb), which alters the proximal-distal
boundary of the optic vesicle and inhibits choroid fissure closure. Chapter 3 presents data
reporting the generation of sox4 mutant zebrafish lines using the CRISPR/Cas9 genome editing
system. Characterization of one sox4a maternal zygotic (MZ) mutant line confirms Sox4’s role in
negative regulation of Hh signaling and reveals new evidence that maternal and zygotic sox4 are
both critical for ocular development. Chapter 4 presents data demonstrating that sox4 is required
for rod photoreceptor neurogenesis. Rod photoreceptor terminal differentiation is delayed in both
sox4 morphants and sox4 CRISPR mutants, while rod progenitor and precursor cells are properly
specified. In Chapter 5, the roles of Sox4 in regulating ocular development are summarized based
on the results, and implications of the results are discussed to expand our understanding of the
genetic regulation of ocular morphogenesis and retinal neurogenesis.
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CHAPTER 1: KEEPING AN EYE ON SOXC PROTEINS: VERTEBRATE EYE
DEVELOPMENT AND SOXC TRANSCRIPTION FACTORS
Wen Wen1, Ann C. Morris1
1

Department of Biology, University of Kentucky, Lexington, Kentucky 40506-0225, USA

KEYWORDS: Eye development, retina, ocular morphogenesis, SOXC

Previously Published: Developmental Dynamics 244(3):367-76 (doi: 10.1002/dvdy.24235)

1.1 Abstract
The formation of a mature, functional eye requires a complex series of cell proliferation,
migration, induction among different germinal layers, and cell differentiation. These processes
are regulated by extracellular cues such as the Wnt/BMP/Hh/Fgf signaling pathways, as well as
cell intrinsic transcription factors that specify cell fate. In this review article we provide an
overview of stages of embryonic eye morphogenesis, extrinsic and intrinsic factors that are
required for each stage, and pediatric ocular diseases that are associated with defective eye
development. In addition, we focus on recent findings about the roles of the SOXC proteins in
regulating vertebrate ocular development and implicating SOXC mutations in human ocular
malformations.

1.2 Introduction
When we were enjoying afternoon tea in the backyard, and watching a ray of sunlight thrust
through the wooden fence and paint every little thing a warm golden hue; when we were hiking in
the mountain trails wishing to capture in our eyes all the maniacal red from those autumn leaves;
when we were lying on the ground staring at the Milky Way and counting the blinking little stars,
we absolutely adore the beauty of nature. Yet there is one more important thing to appreciate that
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allows us to be able to enjoy those lovely moments: the eye. As a delicate camera, the eye
captures light and processes it into electronic signals that can be decoded by the brain to give us a
perception of the world.

For those born with healthy eyes, it might be difficult to imagine how life will be affected if the
eyes do not function normally. However, more than one hundred million people worldwide suffer
from visual impairment. And according to estimates by the NIH National Eye Institute, the
population affected by common eye diseases will double from 2010 to 2050. Visual impairment
and blindness are among the most significant factors contributing to reduced quality of life. To
develop better therapeutic treatments for sight-threatening diseases, we must better understand
how the eye develops. This review will focus on the major steps during vertebrate eye
development, introducing how the eye takes its shape and how different parts of the eye specify
their fates. It will also highlight some of the known genes and cell signaling pathways that
regulate these developmental stages. Additionally, we will provide an overview of the functions
of SoxC transcription factors, including an emerging role in regulating vertebrate eye
development.

Throughout the review, we will follow the established nomenclature. All gene names will be
italicized and protein names will not be italicized. For both gene and protein names, all letters
capitalized are for humans, first letter capitalized are for rodents, and all letters lowercase are for
other vertebrates such as zebrafish (Danio Rerio) and Xenopus.

1.3 Origin and morphogenesis of the vertebrate eye
1.3.1 Optic primordium specification
The formation of vertebrate eye begins with the induction of the optic primordium from the
anterior neural plate. As an extension of the brain, the optic primordium is part of the embryonic
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forebrain, which is composed of the telencephalon, the optic primordium, and the diencephalon
(Figure 1.1A) (Rubenstein and Beachy, 1998). Early in the gastrulation stage of embryonic
development, cells contributing to these three parts of the forebrain are intermixed. Through cell
migration and cell fate determination, the optic primordium cells converge together and form a
clear boundary away from the telecephalic precursors rostrally and laterally and from the
hypothalamus caudally (Figure 1.1B) (Inoue et al., 2000). The specification and separation of the
eye primordium from the rest of the forebrain is a process that requires regulation of both
extrinsic cell signaling from surrounding tissues and intrinsic expression of transcription factors
in optic progenitor cells.

Decades of research have identified cell signaling pathways that regulate eye primordium
formation, among which are the bone morphogenetic proteins (BMP), fibroblast growth factor
(FGF), and wingless (Wnt) signaling pathways. Inhibition of BMP, Wnt, and FGF signaling
primes the neural tissues, including the optic primordium, to commit to an anterior neural plate
fate. Neural induction and optic primordium specification require inhibition of BMP signaling in
the anterior neural tube by BMP antagonists such as Chordin, Noggin, Follistatin, and Cerberus
(Barth et al., 1999) and a decreased gradient of Wnt and FGF signaling from the posterior to
anterior neural tube (Zuber, 2010). Local activation of FGF signaling before gastrulation
represses cell migration in the anterior neural plate and prevents cells from taking a retinal fate.
This inhibition is partly through the FGF modulation of Ephrin B1 which encodes a
transmembrane protein involved in cell adhesion (Moore et al., 2004). Low levels of Wnt/β
catenin activity are required for telencephalic specification, whereas high levels promote
diencephalic identity. Residing in between the telencephalon and diencephalon, does optic
primordium specification require an intermediate level of Wnt/β catenin activity? It turns out to
be more complicated. Both canonical and non-canonical Wnt activities are required for the
formation of optic primordium. Wnt8- and Fz8-mediated activation of canonical Wnt/β catenin
3

signaling inhibits optic primordium formation, whereas Wnt11- and Fz5-mediated activation of
non-canonical Wnt signaling stimulates optic primordium specification by promoting the
convergence of the eye field cells and inhibiting the canonical Wnt/β catenin activity (Cavodeassi
et al., 2005). Other Wnt modulators and targets have been identified to regulate optic primordium
specification and separation. Please refer to these review articles for a more comprehensive
summarization (Chuang and Raymond, 2002; Esteve and Bovolenta, 2006; Wilson and Houart,
2004).

In addition to receiving extrinsic cell signaling from the surrounding tissues, the progenitor cells
in the optic primordium also express specific eye field transcription factors (EFTF) that define the
fate of the optic primordium. The vertebrate EFTFs include otx2, rx (rax), pax6, six3/six6 (optx2),
lhx2, ET (tbx3), hesx1, and nr2e1 (tlx) (Chow and Lang, 2001; Graw, 2010; Shaham et al., 2012;
Zuber, 2010; Zuber et al., 2003). Combinations of these EFTFs were necessary and sufficient to
induce formation of an ectopic eye in Xenopus embryos (Zuber et al., 2003). Although we will
focus on the vertebrate eye field specification, it is very important to acknowledge studies that
have been done on eye development in Drosophila. Such work greatly inspired the identification
of genes that are involved in vertebrate eye field specification. Many vertebrate EFTFs are
homologs of the Drosophila eye specific genes (Erclik et al., 2009; Kumar, 2001). For example,
Pax6 in vertebrates is a homolog of Drosophila twin of eyeless (toy) and eyeless (ey) (Quiring et
al., 1994) and Six3 and Six6 in vertebrates are homologs of Drosophila sine oculis (so) and optix7
(Loosli et al., 1998).

EFTFs are expressed in overlapping domains in the optic primordium and regulate optic
primordium specification by mediating the outcome of cell signaling, regulating cell migration,
maintaining cell proliferation, and cross-regulating each other’s expression. For example, local
activation of BMP4 in the anterior neural plate leads to a repression of eye formation due to
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reduced expression of pax6, otx2, and rx (Hartley et al., 2001). Six3 is required for eye formation
by negatively regulating BMP4 expression (Gestri et al., 2005) and Wnt signaling in the optic
primordium, and by positively regulating Hh signaling in the diencephalon (Geng et al., 2008).
The intense cell movement regulated by FGF, Wnt, and ephrin signalings can also be modulated
by EFTFs. Rx3 is required to set up the complementary expression pattern of eph and ephrin in
the anterior neural plate that facilitates the formation of optic primordium (Cavodeassi et al.,
2013).

To ensure the optic primordium reaches an appropriate size before neurogenesis, EFTFs Rx,
Pax6, Six3, Six6, and Lhx2 maintain the proliferation of eye progenitor cells (Agathocleous and
Harris, 2009). EFTFs also regulate each other’s expression and cooperatively modulate optic
primordium specification. For example, Pax6, Rx, and lhx2 can induce Six6 expression in the
optic primordium in Xenopus and mice (Terada et al., 2006; Tetreault et al., 2009).

1.3.2 Eye field segregation
During neurulation, in response to secreted signals from the ventral midline, the telencephalic
progenitor cells migrate dorsally over the optic primordium toward the midline, the ventral
diencephalic progenitor cells move anteriorly and ventrally forming the hypothalamus, and cells
in the optic primordium migrate laterally and split into two bilateral optic vesicles (OV) (Figure
1.1C) (Chuang and Raymond, 2001, 2002; Li et al., 1997; Varga et al., 1999). The prechordal
mesendoderm located ventral to the anterior neural plate was found to be the source of the
secreted factors that are critical for eye field segregation, as removal of it from the developing
vertebrate embryo results in cyclopic eyes due to a failure in the separation of the eye field
(Adelmann, 1936; Li et al., 1997; Pera and Kessel, 1997). Ligands for Nodal/TGF-β and
Hedgehog (Hh) signaling pathways expressed in the prechordal mesendoderm are identified as
critical secreted factors that signal to the anterior neural tube to induce eye field segregation and
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pattern the proximodistal axis of optic vesicles (Ekker et al., 1995; Pei and Feldman, 2009; Schier
and Shen, 2000). Mutations in Nodal-related ligands including Squint/ndr2 (Sqt) and
Cyclops/ndr1 (Cyc), as well as Nodal mediator One-eyed pinhead (Oep) result in variable degrees
of cyclopia and holoprosencephaly (Gritsman et al., 1999; Pei and Feldman, 2009). Hh signaling
expressed in the neuroectoderm acts downstream of the Nodal/TGF-β signaling to facilitate the
segregation of the eye field (Muller et al., 2000). Mutations of Sonic hedgehog (Shh) in humans
and mice are associated with cyclopia and holoprosencephaly (Belloni et al., 1996; Chiang et al.,
1996; Roessler et al., 1997). Zebrafish Shh mutant sonic-you (syu) does not exhibit cyclopia due
to the functional redundancy of another Hh ligand tiggy-winkle hedgehog (twhh) (Ekker et al.,
1995).

Driven by the migration of individual eye field progenitor cells, the separated eye fields continue
evaginating from the neural tube and form bilateral optic vesicles (OV) with a bi-layered ball-like
shape (Brown et al., 2010). Some EFTFs also contribute to the evagination of the eye field. For
example, mutation in rx3 disrupts the migration and proliferation of the progenitor cells in the eye
field and leads to defects in the evagination of the eye field (Loosli et al., 2003; Rembold et al.,
2006; Stigloher et al., 2006).
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Figure 1.1. Origin of the vertebrate eye and the morphological changes of the anterior
neural tube. Schematic drawing showing the dorsal view of the anterior neural tube (A),
migration of the telencephalon, eye field, and diencephalon (B), and the formation of the optic
vesicle (C). Transcription factors associated with each stage of eye development are indicated in
purple boxes on the bottom of the figure. t, telencephalon; ef, eye field; d, diencephalon; h,
hindbrain; ty, thalamus; n, notochord. A, anterior; P, posterior; D, dorsal; V, ventral.
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1.3.3 Optic cup and optic stalk formation
Once the OV reach the surface ectoderm, a series of morphological transformations and cell fate
determinations shape the OV into an optic cup (OC) (Figure 1.2A). A combination of advanced
microscopy techniques and transgenic animal models have allowed in vivo time lapse
observations of OC morphogenesis (Ivanovitch et al., 2013; Keller et al., 2008; Kwan et al., 2012;
Martinez-Morales et al., 2009). The distal side of the OV enlarges in size and folds along the
dorso-ventral and anterior-posterior axes to form the OC. The OC is a bi-layered structure in
which the inner layer becomes the future neural retina and the outer layer becomes the retina
pigmented epithelium (RPE). The proximal side of the OV that connects to the diencephalon
attenuates and becomes the optic stalk, which will encompass bundles of the retinal ganglion cell
axons. The expression of Pax2-Pax6 and Vax-Rx in the optic stalk and optic cup, regulated by Hh
signaling, is critical for the proximo-distal differentiation of the developing eye (Chiang et al.,
1996; Ekker et al., 1995; Take-uchi, 2003; Varga et al., 2001). Because of the folding towards the
ventral side, an optic fissure is formed along the OC and optic stalk, which eventually fuses at the
completion of ocular morphogenesis (Martinez-Morales and Wittbrodt, 2009; Sinn and Wittbrodt,
2013). The transient opening of the optic fissure allows the mesoderm-derived periocular
mesenchymal cells to enter the eye and form the hyaloid vessels, which supply nutrients to the
retina, lens, and iris during early ocular development (Figure 1.3). At the same time as the OV
makes contact with the surface ectoderm, lens induction is initiated. The surface ectoderm
adjacent to the OV differentiates into the lens placode, which thickens, invaginates and detaches
from the surface ectoderm, eventually becoming the lens vesicle (Figure 1.2A) (Lang, 2004).
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Figure 1.2. Differentiation and morphological changes of the optic cup. Schematic drawing
showing the developing lens and optic cup (A), the anterior segments, retina, and the optic nerve
(B). Transcription factors associated with each process are indicated in purple boxes on the
bottom of the figure. lp, lens placode; oc, optic cup; os, optic stalk; r, retina, L, lens; RPE, retinal
pigmented epithelium. D, dorsal; V, ventral.
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Figure 1.3. Choroid fissure closure and ocular vascular formation. A schematic
representation of the migration of periocular mesenchymal cells through the choroid fissure (A)
and the formation of ocular vascular vessels while the choroid fissure closes (B). Transcription
factors associated with each processes are indicated in purple boxes on the bottom of the figure.
r, retina; L, lens. D, dorsal; V, ventral.
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Along with the formation of the OC, ocular progenitor cells in distinct regions of the OC
undertake different fates by expressing different sets of transcription factors. Actually, the dorsoventral and naso-temporal identities in the eye are already apparent at the optic vesicle stage
(Figure 1.1C) (Picker et al., 2009). The topography of the OC is critical for the future
differentiation of the vertebrate eye, as it determines the sequential neurogenesis in the retina, the
projection of retinal ganglion cell axons to the brain, and the differentiation of multiple structures
in the eye. The dorso-ventral axis of the OC is set up by the collaboration of different signaling
activities (Chuang and Raymond, 2002; Peters, 2002). BMP4 expressed in the dorsal OC is
critical for cells there to take the dorsal fate by expressing tbx2, 3, and 5, and repressing ventral
markers vax and pax2 (Behesti et al., 2006; Holly et al., 2014; Koshiba-Takeuchi et al., 2000).
Retinoic acid (RA), Hh, and Fgf signaling activities are required for the specification of the
ventral fate (Lupo et al., 2005). RA deficiency resulted in a loss of the ventral OC and optic stalk
fate, but did not affect the expression of dorsal-ventral markers such as pax2, pax6, tbx6, vax2,
raldh1, and raldh3 (Maden et al., 2007). Hh signaling specifies the ventral OC and optic stalk fate
by regulating pax2 and vax gene expression (Take-uchi, 2003). The naso-temporal axis of the OC
(mainly the neural retina) is also determined by the activity of multiple cell signaling pathways.
Fgf signaling from the dorsal forebrain and olfactory epithelium specify the nasal identity of the
OC while Hh signaling in the ventral forebrain is necessary for the temporal identity of the OC
(Hernandez-Bejarano et al., 2015; Picker et al., 2009). In addition, fgf19 is expressed in the nasal
retina in zebrafish and fgf19 deficiency results in reduction in nasal retina markers ephrin A3,
ephrin A5a, and foxg1; temporal marker eph A4b on the other hand is expanded to the entire
retina (Nakayama et al., 2008).

1.4 Cellular differentiation of the vertebrate eye
1.4.1 The anterior segment
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The anterior segment of the vertebrate eye includes the cornea, lens, iris, and ciliary body. It is
very important for focusing light onto the retina and regulating intraocular pressure (Figure 1.2B)
(Gould et al., 2004). The cornea and lens are transparent and refract light into the eye. The iris
controls the size of the pupil and how much light can enter the eye. The ciliary body secretes
aqueous humor which nourishes the lens and cornea, and contributes to the generation of
intraocular pressure that supports the shape of the eye. The establishment of the anterior segment
involves cell interaction from the surface ectoderm, neural crest derived mesenchymal tissues,
and the neuroectoderm (Gage et al., 2005; Soules and Link, 2005). The lens placode is derived
from the thickening and invagination of the surface ectoderm. As it detaches from the surface
ectoderm, mesenchymal cells start migrating in between the lens vesicle and the surface
ectoderm, and differentiate into the corneal stroma and corneal endothelium. The iris and ciliary
body differentiate from the peripheral edges of the neural retina and RPE, together with another
group of mesenchymal cells.

Transcription factors expressed in the developing lens and mesenchymal tissues including Maf,
Foxe3, Foxc1, Pitx2, and Pitx3, are critical for the development of the anterior segment (Jamieson
et al., 2002; Kozlowski and Walter, 2000; Semina et al., 2001; Semina et al., 2000). Mutations of
these genes in humans are usually related to diseases with anterior segment defects such as
Peter’s anomaly (central corneal opacity with adhesions of the iris, cornea, Descemet's
membrane, corneal endothelium, and lens) and Axenfeld-Rieger syndrome (thin iris, off-center or
multiple pupils, glaucoma). In addition, as a key regulator of vertebrate eye development, PAX6
is also critical for anterior segment differentiation. Pax6 is required for the expression of many
anterior segment genes including Six3, Sox2, c-Maf, MafA/L-Maf , Prox1, crystallins, and cell
adhesion molecules (Cvekl and Tamm, 2004; Lang, 2004; Takamiya et al., 2015). Mesenchymal
cell derived BMP and cross-talk of RA and canonical Wnt signaling through pitx2 are also
required for anterior segment development (Chang et al., 2001; Gage and Zacharias, 2009).
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1.4.2 The retina and the retinal pigmented epithelium (RPE)
The inner layer of the OC becomes the neural retina and the outer layer becomes the RPE. The
RPE and retina fate determination in the OC is already established during the evagination stage
with the expression of the earliest retinal marker Vsx2 and RPE marker Mitf (Green et al., 2003;
Horsford et al., 2005; Tachibana, 2000). The adult vertebrate retinal cell types that are
differentiated from a single pool of retinal progenitor cells are six types of neurons [retinal
ganglion cell (RGC), amacrine cell, horizontal cell, bipolar cell, cone photoreceptor, rod
photoreceptor] and one type of residential glial cell (the Müller cell). These cells are organized
into three layers in the retina: the ganglion cell layer (GCL) that contains cell bodies of the RGCs,
the inner nuclear layer (INL) that contains cell bodies of the amacrine, horizontal, bipolar, and
Müller glia cells, and the outer nuclear layer (ONL) that contains cell bodies of rod and cone
photoreceptor cells. The three nuclear layers are separated by the two plexiform layers containing
retinal neuron synaptic connections. All the retinal cell types are generated from a single pool of
multipotent retinal progenitor cells, whose proliferative state is controlled by the Notch signaling
effectors Hes1 and Hes5 prior to neurogenesis (Hatakeyama et al., 2004; Jadhav et al., 2006).
Retinal neurogenesis in most vertebrates follows a conserved temporal and spatial sequence. It
initiates with the retinal region most adjacent to the optic stalk, and the RGCs are the first to
differentiate, followed by the amacrine cells, horizontal cells and cone photoreceptors. Bipolar
cells, rod photoreceptors and the Müller cells are generated last (Bassett and Wallace, 2012).

The differentiation of retinal cell types is determined by the change of the retinal progenitor cell
competence, which is accomplished by changes in the expression of intrinsic transcription factors
and responsiveness to extrinsic signaling pathways over time (Alexiades and Cepko, 1997; Cepko
et al., 1996; Harris, 1997; Livesey and Cepko, 2001). RGC differentiation is initiated by the
expression of a basic helix-loop-helix (bHLH) transcription factor Ath5 in response to Hh and Fgf
signaling activities, and maintained by the expression of a POU domain transcription factor
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Brn3b (Brown et al., 2001; Liu et al., 2001a; Martinez-Morales et al., 2005; Masai et al., 2005).
The differentiation of retinal interneurons (amacrine cells, bipolar cells, and horizontal cells)
require a combined expression of several bHLH and homeobox transcription factors, including
Mash1, Math3, Vsx, NeuroD, Six3, Prox1, Pax6, Ptf1a and Poxn4. Please see (Ohsawa and
Kageyama, 2008; Stenkamp, 2007) for a comprehensive review. Photoreceptor cells are
determined by the expression of the homeobox gene Crx and Otx, and the bHLH gene NeuroD
(Hennig et al., 2008; Nishida et al., 2003). The expression of distinct subsets of transcription
factors within the photoreceptor progenitor cell population further facilitates the differentiation of
rod or cone photoreceptors, with TRβ2, RXRγ, RORβ, and NR2F1 for cones; and Nrl, Nr2e3, and
Mash1 for rods (Swaroop et al., 2010). The Müller cell is the only type of glial cell in the retina
that originates from the retinal progenitor cells. Notch activity and the expression of Hes1, Hes5,
Sox2, and Sox9 are key regulators for Müller cell differentiation (Bernardos et al., 2005; Jadhav et
al., 2009; Muto et al., 2009).

RPE cells differentiate from the outer layer of the OC; they express melanin and are
indispensable for eye development and phototransduction. The RPE not only absorbs light,
nourishes and recycles the outer segment discs of photoreceptor cells, and converts all-trans
retinal to 11-cis retinal, but it also participates in the development of anterior segment, in choroid
fissure closure, and in photoreceptor differentiation [reviewed in (Bharti et al., 2006; Chow and
Lang, 2001; Strauss, 2005)]. The differentiation of RPE cells requires the expression of Mitf,
Otx2, and Pax6 and the presence of extraocular mesenchymal cells (Capowski et al., 2014;
Fuhrmann et al., 2000; Martinez-Morales et al., 2003). Although the mechanism of how the
periocular mesenchymal cell acts on the specification of RPE cells is not clear, evidence has
suggested that activin A in the BMP signaling pathway is one of the candidate molecules that can
induce RPE differentiation through RPE and periocular mesenchymal interaction (Fuhrmann et
al., 2000). Wnt/β catenin activity is also required for RPE differentiation, as conditional Wnt14

deficiency mice exhibit a loss of Mitf and Otx2 expression and a transdifferentiation of RPE to the
neural retina (Fujimura et al., 2009). In addition, Hh signaling activity in the RPE and adjacent
tissues is also critical for RPE differentiation. Hh ligands including shh, twhh, and ihh are
expressed in the developing RPE (Dakubo et al., 2008; Perron, 2003; Stenkamp et al., 2000).
Inhibition of Hh signaling in the chick causes a reduction in RPE specific gene expression and a
transdifferentiation of RPE to the retina (Zhang and Yang, 2001b).

1.4.3 Ocular vasculature
As one of the most metabolically active organs, the eye has a high demand for nutrition during
embryonic genesis and oxygen for its function in phototransduction when mature. The nutrition
supply to the eye is provided by the ocular vasculature system in most vertebrats (not include
birds). This system is initiated with two extra-retinal vascular systems: the choroidal vascular
system that nourishes the outer retina and the hyaloid system that supplies the intraocular tissues
including the anterior segment and the retina. The choroidal vascular vessels sprout from the
internal carotid artery through angiogenesis. During development, they spread and encircle the
entire optic cup at the basement membrane outside of the RPE and form a circular vessel, the
annular vessel, at the anterior optic cup. The angiogenesis of the hyaloid vascular system is
initiated by the entry of the hyaloid artery into the eye through the choroid fissure. It then extends
through the vitreous to the anterior optic cup and forms the tunica vasculosa lentis (TVL)
posterior to the lens, which connects with the annular vessel and hence links the hyaloid vascular
system to the choroidal vascular system. During mammalian ocular development, the retina
thickens over time due to proliferation of retinal progenitor cells and retinal neurogenesis. The
choroidal vascular system persists to nourish the outer retina while the hyaloid vascular system is
not sufficient to nourish the inner retina. As a result, the hyaloid vascular vessels retract and are
replaced by the intraretinal vascular system. Zebrafish hyaloid vessels, on the other hand, do not
regress. The intraretinal vascular vessels are derived from the base of the hyaloid artery and form
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three plexi within the retina (the superficial, intermediate, and deep plexus) by the guidance of
astrocytes (which are differentiated from neural crest cells and migrated into the retina) and
Müller glia in the retina. [Reviewed by (Dorrell et al., 2007; Ruhrberg and Bautch, 2013; SaintGeniez and D'Amore, 2004).]

Proper ocular angiogenesis requires vascular endothelial growth factor (VEGF) expressed by the
RPE, lens, and astrocytes in the retina (Alvarez et al., 2007; Ikeda et al., 2006). VEGF and bFGF
factors secreted by the RPE cells are critical for choroidal vasculature development (Rousseau et
al., 2003; Sakamoto et al., 1995). VEGF expression in the lens is thought to affect hyaloid vessel
formation, especially the TVL (Gogat et al., 2004). The superficial and deep retinal vasculature
angiogenesis are induced by the expression of VEGF in the astrocytes and Müller glia (Stenzel et
al., 2011; Stone et al., 1996; Stone et al., 1995; West et al., 2005). Mutations of VEGF receptor
molecules, such as the tyrosine kinase FLK1 (VEGFR2) and neuropilin 1 (NRP1), result in failure
of vascular outgrowth in the retina and the brain (Gerhardt et al., 2003; Gu et al., 2003). Notch
signaling is also required for ocular vasculature development and is associated with choroidal
neovascularization (CNV) observed in the wet form of age-related macular degeneration (Ahmad
et al., 2011; Shawber and Kitajewski, 2004). In addition, Wnt signaling is critical for the
regression of the hyaloid vasculature; mutation of the Wnt ligand norrie disease protein (NDP)
and its receptor frizzled 4 lead to defects in retinal vascular development and a persistent hyaloid
vasculature (Xu et al., 2004).

1.5 Ocular coloboma
Diseases with photoreceptor loss can directly affect vision. One example is retinitis pigmentosa
(RP), that initiates from loss of rod photoreceptors followed by a progressive loss of cone
photoreceptors (Hartong et al., 2006). Defects in ocular vasculature formation can also cause
vision loss, such as the wet form of age-related macular degeneration (AMD) that is caused by an
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abnormal outgrowth of the choroidal vascular vessels (van Lookeren Campagne et al., 2015). In
addition, many vision-threatening ocular diseases are related to abnormalities during embryonic
eye development [reviewed in (Morris, 2011)]. For example, improper optic primordium
segregation can lead to holoprosencephaly (HPE) with cyclopia as the most severe form, which
affects 1 in 100,000 live births (Dubourg et al., 2007; Geng et al., 2008; Orioli et al., 2011).
Defects in the anterior segment development can lead to a variety of ocular abnormalities such as
congenital glaucoma and cataracts, and anterior segment dysgenesis (ASD) (Gould et al., 2004;
Reis and Semina, 2011; Roche et al., 2006; Sowden, 2007).

One of the most common causes for congenital blindness associated with ocular developmental
defects is ocular coloboma, which accounts for 5-10% of child blindness cases worldwide and
affects about 7.5 in 10,000 live births worldwide (Chang et al., 2006; Cheong et al., 2007). Ocular
coloboma is due to the failure in choroid fissure closure. It usually affects the inferonasal
quadrant of the eye. Based on the location and timing of the defect during ocular morphogenesis,
it can affect many parts of the eye from anterior to posterior including the cornea, iris, ciliary
body, retina, RPE, optic nerve, and the choroid (Chang et al., 2006; Gregory-Evans et al., 2004).
Ocular coloboma is often associated with other developmental defects, either in the eye, such as
microphthalmia and anophthalmia, or systematically, such as CHARGE syndrome (coloboma,
heart anomaly, choanal atresia, retardation, genital and ear anomalies), renal-coloboma syndrome
(hypoplastic kidney, coloboma, malformation of the optic nerve), and Coffin-Siris syndrome
(absence of the fifth finger and toe nails, characteristic facial features, mental retardation) (Fleck
et al., 2001; Lalani et al., 1993; Schimmenti, 2011; Schrier Vergano et al., 1993; Williamson and
FitzPatrick, 2014).

Ocular colobomas are very heterogeneous. More than 20 known genes have been associated with
coloboma, and the inheritance can be autosomal dominant, autosomal recessive, and X-linked
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(Gregory-Evans et al., 2004; Williamson and FitzPatrick, 2014). A coloboma gene network
(CGN) has been proposed based on human and mouse model studies, demonstrating the
regulatory network of known coloboma causative genes including transcription factors, cell
signaling molecules, and cell cycle regulators (Gregory-Evans et al., 2004). Many ocular
coloboma cases are associated with mutations in genes that affect early optic cup patterning and
morphogenesis. Moreover, ocular coloboma can also be caused by environmental factors,
including consumption of alcohol and maternal vitamin A deficiency during pregnancy.

Hedgehog signaling is a central node in the coloboma gene regulatory network. Mutations in Shh
are associated with ocular coloboma in both humans and mice (Schimmenti et al., 2003).
Mutations in Hh target genes including pax2 and vax1/2 also lead to ocular coloboma (Barbieri et
al., 2002; Eccles and Schimmenti, 1999; Macdonald et al., 1995; Take-uchi, 2003). In addition,
the zebrafish blowout (blw) mutant, which harbors a mutation in patched1 (a Hh receptor and
negative regulator of Hh signaling), also causes coloboma (Lee et al., 2008).

Another coloboma-related signaling pathway involves retinoic acid (RA) signaling. RA regulates
the expression of several coloboma-causing genes, including shh, patched1, vax2, and retinoid
binding protein gene (RBP4) (Busch et al., 2014; Chou et al., 2015; Helms et al., 1997;
Manolescu et al., 2010; Seeliger et al., 1999; Sen et al., 2005). In addition, RA also influences
choroid fissure closure by regulating the migration and gene expression of the neural crestderived periocular mesenchymal cells (Lupo et al., 2011; Matt et al., 2008).

In addition to defects related to ocular morphogenesis and optic cup patterning, ocular coloboma
can also be caused by impaired dissolution of the choroid fissure basal lamina and reduced cell
adhesion molecules (Gregory-Evans et al., 2011; Moosajee et al., 2008; Tsuji et al., 2012).
Several zebrafish mutants carrying mutations in extracellular matrix and cell adhesion molecules

18

exhibit ocular coloboma, such as the zebrafish pac mutant that encodes a mutation in N-cadherin
and the laminin beta 1 (lamb1) and laminin gamma 1 (lamc1) mutants (Lee and Gross, 2007;
Masai et al., 2003). Conditional knockout of the adherens junctions (AJs) component α-catenin in
the mouse eye also causes coloboma (Chen et al., 2012). Defects in retina folding and choroid
fissure closure in vitamin A deficient (VAD) mice embryos are also associated with reduced cell
adhesion molecules including N-cadherin and beta-catenin (See and Clagett-Dame, 2009).

1.6 Hedgehog (Hh) signaling and vertebrate eye development
Cell-cell signaling plays a critical role in embryonic development. Hh signaling is one of the most
extensively studied cell signaling pathways during development and adult homeostasis. As a
morphogen, Hh responding cells that receive different concentrations of Hh ligands will
undertake distinct cell fates. One such example is the dorsoventral patterning of the vertebrate
neural tube. Also functioning as a mitogen, Hh signaling regulates the proliferation of progenitor
cells during organogenesis and the maintenance of adult stem cell homeostasis (Briscoe and
Therond, 2013; Fuccillo et al., 2006; Ingham and McMahon, 2001). Hh was discovered from a
genetic screen for genes that disrupt the patterning of the Drosophila embryo in 1980; mutant
larvae exhibited a ‘lawn’ of denticles instead of denticle stripes on each body segment (NussleinVolhard and Wieschaus, 1980). The appearance of the mutant larva was reminiscent of a
hedgehog, which inspired the name of the gene. In the early 1990s, Hh was identified as a
secreted protein and Hh genes in Drosophila and vertebrates were cloned (Echelard et al., 1993;
Krauss et al., 1993; Lee et al., 1992; Mohler and Vani, 1992; Riddle et al., 1993; Tabata et al.,
1992). The Drosophila genome has a single hh gene, while mammals and chick have three Hh
genes due to genome duplication: Desert Hedgehog (Dhh), Sonic hedgehog (Shh), and Indian
hedgehog (Ihh). Vertebrate Dhh is a closer homolog to Drosophila hh than Shh or Ihh (Kumar et
al., 1996). Zebrafish has five Hh genes with further duplication within the Shh and Ihh family:
Dhh, Shha, Shhb (tiggy-winkle hedgehog), Ihha, and Ihhb (echidna hedgehog) (Currie and
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Ingham, 1996; Ekker et al., 1995; Krauss et al., 1993). Since its discovery, many studies have
revealed the function of Hh signaling in the development of neural tissues, limb buds, muscles,
bones, cartilage, and reproductive tissues; and its correlation with congenital diseases, the
maintenance of adult progenitor cell proliferation, and cancers (Briscoe and Therond, 2013).

1.6.1 Vertebrate Hh signaling transduction
Like many other cell signaling pathways, Hh signaling functions in a non-cell-autonomous
fashion, which requires ligand-secreting cells and signal-receiving cells. After being translated in
the signal-secreting cell, the Hh molecule is cleaved into a ~19kDa amino-terminal peptide (NHH) and a ~ 25kDa carboxy-terminal peptide (C-HH) by autoproteolysis. The N-HH is
responsible for all Hh signaling activities while the C-HH acts as a cholesterol transferase. Before
secretion, N-HH undergoes two covalent modifications: a cholesterol group is added to the Cterminus (mediated by the C-HH); and a palmitic acid group is added to the N-terminus
(mediated by membrane-bound O-acyltransferase (MBOAT) proteins) (Briscoe and Therond,
2013).

The modifications of N-HH are necessary for its biological function, as well as its intracellular
trafficking and extracellular distribution distance (Kohtz et al., 2001; Lewis et al., 2001). Once it
arrives at the plasma membrane of the secreting cell, modified Hh molecules can be released to
the extracellular space either as a monomer (facilitated by the transmembrane protein dispatched
(DISP) and SCUBE2), or as multimers (Tukachinsky et al., 2012; Zeng et al., 2001). Modified Hh
molecules can also interact with the heparan sulphate chains of glypian and can be assembled
with lipophorin into lipoproteins and released from the cell (Panakova et al., 2005). In addition to
the above mechanisms, where Hh molecules are released in a soluble form, Hh can also be
transported through tissues by extracellular vesicles (exovesicles) and through specialized
filopodia to achieve long-distance transportation (Sanders et al., 2013; Vyas et al., 2014).
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Hh receiving cells express two transmembrane Hh receptors: Patched (Ptch1 or Ptch2), a twelve
transmembrane protein, and Smoothened (Smo), a seven transmembrane G protein-coupled
receptor (GPCR) (Nakano et al., 1989; van den Heuvel and Ingham, 1996). The binding of Hh
ligand with Ptch in vertebrates is facilitated by several co-receptors including low-density
lipoprotein receptor-related protein 2 (LRP2), growth arrest-specific 1 (GAS1), CAMrelated/downregulated by oncogenes (CDO) and brother of CDO (BOC) (Allen et al., 2011;
Briscoe and Therond, 2013). Vertebrate Hh signaling activity requires the presence of the primary
cilia of a cell (Huangfu and Anderson, 2005). In the absence of Hh ligand, Ptch is present at the
ciliary base and negatively regulates the activity of Smo, inhibiting the movement of Smo into the
cilia (Milenkovic et al., 2009; Rohatgi et al., 2007; Wang et al., 2009). Upon Hh and Ptch
binding, Ptch moves out of the cilia while Smo is relieved from Ptch repression, accumulates in
the cilium, and is activated by phosphorylation (Chen et al., 2004).

The phosphorylated Smo triggers the activation of downstream effectors, the zinc finger
containing glioma-associated oncogene family (Gli) proteins. Vertebrates possess three Glis,
Gli1, Gli2, and Gli3, which are homologs of the Drosophila Cubitus interruptus (Ci). All three
Gli molecules have a DNA binding domain composed of tandem zinc fingers and a transcription
activation domain at the C-terminus. Gli2 and Gli3, but not Gli1, also have a N-terminal
transcription repressor domain. The outcome the Hh signaling activity is through the dynamic
balance between the activator form (GliA) and the repressor form (GliR) of Glis. In the absence of
Hh ligands, Gli2/3 are held in the primary cilia microtubule by a protein complex containing the
Suppressor of used (Sufu) and kinesin Kif7, which promotes the phosphorylation of Gli2/3 by
Protein kinase A (PKA), casein Kinase 1 (CKI) and glycogen synthase Kinase 3 (GSK3) (Liem et
al., 2009; Robbins et al., 2012). The phosphorylation and subsequent ubiquitylation of Gli2/3 lead
to the proteolytic cleavage of the C-terminus, generating the repressor form of Gli2/3R. In the
presence of Hh ligands, the proteolytic cleavage of Gli2/3 is blocked, so that they remain as the
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activator form. Through translocation into the cell nucleus, GliR and GliA represses or activate
target genes, respectively. In mammals, Gli2 is the main Hh activator while Gli3 is mainly
responsible for the target gene repression when the pathway is inactive (Hui and Angers, 2011;
Sasaki et al., 1999). Gli1 plays a minimal role in mammalian Hh signal transduction, but its
transcription is positively regulated by Hh signaling; thus, it is often used as a readout of Hh
activity (Park et al., 2000). Unlike mammals, zebrafish and Xenopus Gli1 is an essential activator
in response to Hh activation (Karlstrom et al., 2003; Lee et al., 1997).

1.6.2 The role of Hh in vertebrate optic vesicle patterning
Hh signaling from the ventral midline plays a critical role in optic field separation and the
proximodistal and dorsoventral patterning of the optic vesicles. As described previously, the optic
primordium splits into two bilateral optic vesicles along with the anterior migration of the
diencephalon. The separation of the optic primordium largely depends on the expression of Hh
from the ventral midline tissues. Shh loss of function in human and mice causes severe defects in
the development of anterior neural tube and failure in optic primordium segregation, resulting in
cyclopia (Chiang et al., 1996; Roessler et al., 1996). Shha mutant zebrafish do not exhibit
cyclopia due to functional redundancy with shhb (Currie and Ingham, 1996; Etheridge et al., 2001;
Schauerte et al., 1998). Both shha and shhb in zebrafish have to be knocked down to affect optic
primordium separation (Nasevicius and Ekker, 2000). Gain-of-function studies in zebrafish and
Xenopus have suggested that the Hh-dependent optic primordium separation is achieved by the
Hh regulation of pax2 and pax6 expression in the distal and proximal optic vesicle, respectively.
Hh overexpression promotes expanded expression of pax2 and reduces the expression of pax6,
and is often associated with ocular coloboma (Ekker et al., 1995; Macdonald et al., 1995; PillaiKastoori et al., 2014; Wen et al., 2015). Loss of midline derived Hh during early development
leads to reduced or no expression of pax2, resulting in failure in optic primordium separation
(Amato et al., 2004; Ekker et al., 1995). Overexpression of shha in zebrafish cyclops mutant,
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which has a loss of shha and shhb, promotes the expression of pax2 and rescues the cyclopic
phenotype (Macdonald et al., 1995). The reciprocal regulation of pax2 and pax6 further defines
the boundary between the optic vesicle and the optic stalk (Macdonald et al., 1995; Schwarz et al.,
2000).

The distinct expression domains of pax2 and pax6 also establish the proximodistal pattern of the
developing eye. Pax2 expression is critical for the specification of the optic stalk and the
formation of the optic nerve. Pax6 expression in the optic vesicle, on the other hand, is required
for proper retinal neurogenesis, RPE formation, and lens induction (Baumer et al., 2003; OronKarni et al., 2008; Perron, 2003; Raviv et al., 2014; Richardson et al., 1995; Torres et al., 1996).
In addition, Hh signaling activity in the ventral midline also promotes the establishment of the
dorsoventral axis of the eye by inducing expression of vax in the ventral eye, while Bmp
signaling induces tbx5 expression in the dorsal eye (Huh et al., 1999; Lupo et al., 2005; Sasagawa
et al., 2002; Zhao et al., 2010). Zebrafish smo mutant exhibits a loss of Hh activity and a
significant reduction of vax expression in the ventral eye (Take-uchi, 2003; Varga et al., 1999).
Hh overexpression in zebrafish can rescue the loss of ventral identity in the Nodal mutant eye and
restore the expression of vax genes in the ventral eye (Take-uchi, 2003). The mutual inhibition
between pax2-pax6 and vax-tbx guarantees the proper patterning of the proximodistal and
dorsoventral axes of the developing eye.

1.6.3 The role of Hh during the cellular differentiation of vertebrate eye
In addition to regulating the bilateral segregation of optic vesicles, Hh signaling activity is also
involved in retinal and RPE cell differentiation (Choy and Cheng, 2012; Wallace, 2008). In the
Drosophila imaginal eye disc, shh expression in the morphological furrow induces the expression
of a bHLH transcription factor atonal (ato) in a strip of progenitor cells ahead of the furrow. ato
induces the differentiation of new photoreceptors and they in turn express new shh, thus forming
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a self-propagating ‘sequential-induction’ wave (Jarman et al., 1995; Kumar, 2001). In most
vertebrates, a similar wave of Shh expression in the ganglion cell layer is observed and it
coordinates with the expression of the fly atonal homolog ath5 and the wave of retinal ganglion
cell differentiation from retinal regions adjacent to the optic stalk, eventually spreading to the
entire retina (Jensen and Wallace, 1997; Masai et al., 2000; Neumann, 2000; Wang et al., 2005;
Zhang and Yang, 2001a). The expression of Shh is required for its own spread through the retina,
as observed in the zebrafish shh mutant sonic-you (syu), in which Shh expression in the retina is
initiated in the first differentiated RGCs, but fails to spread (Neumann, 2000). Ath5 expression is
required for the differentiation of RGCs, as the zebrafish lakritz mutant that harbors a mutation in
the ath5 locus exhibits a complete loss of RGCs (Kay et al., 2001). Evidence shows some
conserved requirement of Shh and Ath5 for RGC differentiation between flies and vertebrates.
However, the ‘sequential-induction’ model does not apply to vertebrates, since the expression
wave of ath5 in zebrafish requires neither the presence of differentiated RGCs nor intraretinal
Shh expression (Kay et al., 2005). In fact, using a pharmacological approach, Kay et al found that
the midline-derived Shh activity prior to retinal neurogenesis is required for the timing of Ath5
expression and RGC differentiation (Kay et al., 2005). Moreover, the midline Hh activity prior to
retinal neurogenesis is also required for the RGC axon pathfinding within the retina (Stacher
Horndli and Chien, 2012) and confines the growth cone of the optic nerve during optic chiasm
formation (Trousse et al., 2001). Intriguingly, Hh as a morphogen actually plays a dual function
in regulating RGC differentiation. Receiving low levels of Hh, retinal progenitor cells in front of
the differentiation wave would exit the cell cycle and differentiate into RGCs. On the other hand,
Hh concentration is higher behind the differentiation wave and the remaining progenitor cells
there would retain their progenitor character to adopt later cell type fates (Zhang and Yang,
2001a).
Soon after the expression in the ganglion cell layer, another wave of Shh expression is initiated in
the differentiating amacrine cells in the inner nuclear layer of the zebrafish and mouse retina
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(Jadhav et al., 2006; Shkumatava et al., 2004). The second wave of Shh expression is independent
of the first wave in the RGCs, because it still occurs in ath5 mutant fish that have no RGCs
(Shkumatava et al., 2004). Transplantation of WT cells into ath5 mutant embryos reveals that shh
activity is required for the differentiation of inner nuclear layer retinal cell types as well as
photoreceptors (Shkumatava et al., 2004). In addition, in vitro and in vivo experiments have
shown that Müller glia differentiation also requires Hh activity. Overexpression of N-HH in
embryonic mouse retinal explants results in an increased number of Müller glia cells, and a
similar increase of Müller cells is also observed in Xenopus when Hh is overexpressed (Amato et
al., 2004; Jensen and Wallace, 1997).

Additionally, Hh expression is also observed in the RPE in many vertebrates. Shh is expressed in
the zebrafish and Xenopus RPE (Perron, 2003; Stenkamp et al., 2000). Ihh and Dhh are expressed
in the RPE and cells adjacent to the RPE in mice, and they are required for maintaining the
expression of the Hh effector gene Gli in the periocular mesenchymal tissues (Dakubo et al.,
2008; Levine et al., 1997; Wallace and Raff, 1999). Inhibition of Hh activity either by anti-Shh
antibody or cyclopamine treatment in chick and Xenopus results in a hypopigmentation in the
ventral eye, suggesting a requirement of Hh activity in RPE cell differentiation (Stenkamp et al.,
2002; Zhang and Yang, 2001b).

Several studies in zebrafish Hh mutant lines suggest that Hh activity is also required for
photoreceptor differentiation. Reduced numbers of photoreceptors and abnormal retina lamination
are observed either in the sonic-you (syu, mutation of shh), you-too (mutation of gli2), and slow
muscle-omitted (smu, mutation of smo) zebrafish mutants, or in morpholino-mediated shha and
shhb deficient zebrafish (Stenkamp and Frey, 2003; Stenkamp et al., 2000). Reduced expression
of one of the photoreceptor progenitor genes rx1 is observed in the zebrafish smu mutant,
suggesting rx1 might be regulated by Hh signaling activity (Stenkamp et al., 2002). Conversely,
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Hh overexpression in the rat retina results in an increased number of photoreceptors, suggestive
of a conserved role of Hh in photoreceptor differentiation in mammals and fish (Levine et al.,
1997). Interestingly, overactivation of Hh signaling in mice retinal explants expressing a
constitutively active Smo reduces the number of photoreceptors in a non-cell autonomous
fashion, indicating that the differentiation of photoreceptor cells is sensitive to optimal levels of
Hh signaling (Wallace, 2008; Yu et al., 2006). There is still a debate about whether the Hh
activity from the inner nuclear layer or from the RPE is important for photoreceptor development
and more experiments need to be conducted.

1.7 Zebrafish as a model for studying eye development
The zebrafish, Danio rerio, is a tropical freshwater teleost fish that has become a favorite model
for studying eye development because of its ease of breeding, large numbers of offspring,
external and rapid development, and its optical transparency during embryonic morphogenesis
(Grunwald and Eisen, 2002). Taking advantage of microscopy techniques and transgenic
zebrafish lines, zebrafish embryonic development has been thoroughly documented (Kwan et al.,
2012; Li et al., 2000; Schmitt and Dowling, 1994). The zebrafish optic primordia evaginate from
the developing forebrain around 12 hours post fertilization (hpf). From 12 to 18 hpf, the optic
primordia undergoes evagination, reorientation, invagination and rotation. Lens induction is
initiated at around 16 hpf. By 24 hpf, the zebrafish bi-layered optic cup and the detached lens
vesicle are well formed. The choroid fissure in the ventral eye is also visible by then. At 48 to 60
hpf, the two lips of the choroid fissure in the retina fuse together and form a continuous retina
(Schmitt and Dowling, 1994).

The zebrafish retinal neurogenesis is under precise spatiotemporal control. The first cells to exit
the cell cycle differentiate into ganglion cells starting around 32 hpf in the ventronasal retina
(Schmitt and Dowling, 1996). Retinal lamination and cell differentiation are completed around 96
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hpf (Stenkamp, 2007) and the first visual response can be detected by ERG as early as 72 hpf
(Branchek, 1984). Similar to other vertebrates, the zebrafish retina is also arranged into three
nuclear layers and two plexiform layers, but unlike mammals, the zebrafish retina displays
continual neurogenesis throughout life and has the ability to regenerate any type of retinal neuron
in response to injury. New retinal neurons are generated by proliferation and differentiation of
progenitor cells in the ciliary marginal zone (CMZ) at the retinal periphery (Raymond et al.,
2006; Wan et al., 2016). In addition, new rod photoreceptors are generated from Müller gliaderived rod progenitor cells located in the outer nuclear layer (ONL) to retain visual sensitivity
(Johns and Fernald, 1981)[please refer to chapter 4 for more detail ]. In response to acute injury, a
subset of zebrafish Müller glia cells re-enter the cell cycle and de-differentiate, producing clusters
of neurogenic progenitor cells, which can differentiate into any type of retinal neuron (Bernardos
et al., 2007).

Many genes related to eye development were identified in zebrafish by large-scale forward
genetics screens using chemical mutagenesis or retroviral integration (Fadool et al., 1997; Gross
et al., 2005; Malicki et al., 1996; Neuhauss et al., 1999). In addition, reverse genetic techniques
are also broadly applied in the identification of genes that are critical for eye development in
zebrafish (Huang et al., 2012). These techniques include antisense morpholino, zinc-finger
nucleases (ZFN), transcription activator-like effector nucleases (TALENs), and clustered
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system
(please refer to chapter 3 for detailed review).

1.8 SoxC and eye development
1.8.1 Sox Subfamilies in vertebrates
The SOX proteins are transcription factors named after a shared motif called the SRY box, a
high-mobility-group (HMG) DNA binding domain homologous to the DNA-binding domain of
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the mammalian sex determining region on the Y chromosome (SRY). SOX proteins are found
extensively throughout the animal kingdom, including nematodes, arthropods, birds, fish, reptiles,
amphibians, and mammals (Bowles et al., 2000). In vertebrates about 30 SOX genes have been
identified that are placed into 8 subgroups (A-H) on the basis of sequence similarity and genomic
arrangements (Bowles et al., 2000; Schepers et al., 2002). Two new subgroups I and J have been
introduced to include Xenopus sox31 and a new invertebrate nematode (Caenorhabditis elegans)
sox gene. The HMG box allows SOX proteins to recognize a specific linear DNA sequence 5’(A/T)(A/T)CAA(A/T)G-3’in the minor grove of the DNA helix (Ferrari et al., 1992).

By regulating target gene transcription or posttranslational modification, SOX proteins are
involved in multiple developmental processes (Wegner, 2010), including embryonic eye
development. Mutations in SOX2, which belongs to the SOXB subfamily, result in anophthalmia
or microphthalmia (Faivre et al., 2006). Sox2 is also required for the induction of the first lens
specific gene δ-crystallin (Kamachi et al., 2001). Sox9, a SOXE family member, is required for
expression of several retinal genes (such as calb2a, calb2b, crx, neurod, rx1, sox4a and vsx1) and
for the differentiation of Müller glia and photoreceptors (Yokoi et al., 2009). In addition, Sox9
can also regulate visual cycle gene expression in the RPE (Masuda et al., 2014), and a recent
study in Sox9 -/- mice demonstrates that Sox9 and Sox10 are both required for the formation of
lacrimal gland (Chen et al., 2014).

1.8.2 SoxC proteins and their known target genes
Recently, a role for the SOXC proteins in regulating eye development has emerged from studies
in animal models and in humans. The SOXC family in invertebrate animal species consists of a
single member (Cremazy et al., 2001). In most vertebrates, the SOXC family includes three
intronless genes: SOX4 [MIM: 184430], SOX11 [MIM: 600898], and SOX12 [MIM: 601947]
(Penzo-Mendez, 2010). SOXC proteins are known as transcriptional activators. Apart from the
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HMG domain in the N-terminus, a transactivation domain (TAD) in the C-terminus is present
among the SOXC members. Like other SOX members, the HMG domain of SOX4, SOX11, and
SOX12 is greater than 50% identical to the corresponding domain of SRY, both at nucleotide and
amino acid level. Within the subgroup, SOXC proteins share a high degree of similarity within
the HMG box domain as well as flanking sequences and the TAD domain (Figure 1.4A)
(Bhattaram et al., 2010; Koopman et al., 1991), and are strongly conserved across vertebrate
species. Among SOXC proteins, SOX4 is the most efficient in DNA binding due to the lack of
the acidic domain and SOX11 has the highest transactivation activity because of its continuous αhelical structure (Dy et al., 2008; Hoser et al., 2008; Penzo-Mendez, 2010; van de Wetering et al.,
1993; Wiebe et al., 2003).

Although they are essential and play multiple roles in embryonic development and tissue
differentiation, very few SOXC target genes have been identified (Figure 1.4B). One known
target gene is classIII β-tubulin (also known as Tubb3 or Tuj1). It is a pan-neuronal gene
expressed specifically in the nervous system and is critical for neurogenesis (Memberg and Hall,
1995). Sox4 and Sox11 can transactivate the lacZ reporter driven by the Tubb3 promoter and
directly interact with the sequence upstream of Tubb3 in DNA-binding gel shift assays
(Bergsland et al., 2006). Sox12 can also bind to Tubb3 but the transactivation activity is relatively
low compared to Sox4 and Sox11 (Hoser et al., 2008). Another SoxC target gene is Tead2, a
downstream mediator of the Hippo signaling pathway. Several SoxC binding motifs are present in
the promoter region and first exon of Tead2, and direct binding has been detected both in vitro
and in vivo by EMSA and chromatin immunoprecipitation assay (ChIP) (Bhattaram et al., 2010).
Sox4 can bind to the T-cell specific enhancer at the 3’ end of the CD2 gene and transactivate CD2
(Wotton et al., 1995). Moreover, SoxC proteins also interact with protein partners to regulate
target gene transcription. For example, SoxC proteins synergize with POU domain transcription
factors Brn1 and Brn2 to activate Nestin expression in the neural tube (Tanaka et al., 2004). In
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addition to these transcriptional targets, SoxC proteins are also involved in target protein stability.
For example, in response to DNA damage, Sox4 can directly bind to p53 and enhance its
acetylation, thus inhibiting Mdm2-mediated p53 ubiquitination (Pan et al., 2009).

SoxC family members are extensively expressed in the vertebrate nervous system during
development, redundantly regulating neuronal and mesenchymal progenitor survival and neuronal
cell fate determination (Bergsland et al., 2011; Bhattaram et al., 2010; Dy et al., 2008). They are
strongly expressed in immature neurons that have already exited the cell cycle in the ventricular
region of the brain (Bhattaram et al., 2010). SoxC expression decreases while the nervous system
matures. SoxC family member expression is limited to the forebrain and the caudal spinal cord
(Jankowski et al., 2006).
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Figure 1.4. Schematic of the Human SOX4 protein and known functions of Sox4 in
regulating tissue differentiation. (A) The Human SOX4 protein has 474 amino acids. It has a
high-mobility-group (HMG) DNA binding domain at the N terminus and a transactivation
domain (TAD) at the C terminus. (B) Sox4 regulates the differentiation of multiple cell types
during embryonic development. Target genes known for some processes are listed. Sox4
promotes neuron differentiation through activation of Tubb3 and synergistic cooperation with
POU domain transcription factors Brn1 and Brn2 to induce Nestin expression.
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1.8.3 SoxC expression in the developing vertebrate eye
In the embryonic vertebrate eye, SoxC genes are expressed in a partially overlapping pattern in
both time and space (Cizelsky et al., 2013; Dy et al., 2008; Maschhoff et al., 2003; Pillai-Kastoori
et al., 2014; Uy et al., 2014; Wen et al., 2015). They are expressed in the neuroepithelium of the
optic cup, in the cells of the surface ectoderm and lens placode, and also in the surrounding neural
crest derived mesenchymal cells (Table 1.1). Their expression is initiated in the retina in the first
group of cells that exit the cell cycle to differentiate into RGCs, and subsequently spreads
throughout the ganglion cell layer and into the inner nuclear layer, along with the progression of
retinal cell differentiation (Cizelsky et al., 2013; Jiang et al., 2013b; Pillai-Kastoori et al., 2014;
Usui et al., 2013b; Wen et al., 2015). Expression of Sox4 and Sox11 coincides with the onset of
expression of the ganglion cell marker Brn3b and amacrine cell marker Islet1 (Jiang et al., 2013b;
Usui et al., 2013b). In addition, sox11 is also expressed in the developing lens (Pillai-Kastoori et
al., 2014). As retinal neurogenesis progresses, SoxC expression is downregulated in mature retinal
neurons. Very little expression is detected in the mammalian adult eye. In vertebrates that display
persistent retinal neurogenesis, such as Xenopus and zebrafish, sox4 and sox11 continue to be
expressed in the retinal progenitor cell niche called the ciliary marginal zone (CMZ) throughout
adulthood (Cizelsky et al., 2013; Pillai-Kastoori et al., 2014; Wen et al., 2015).
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Table 1.1. SoxC expression in the developing vertebrate eye.

GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outter nuclear layer; CMZ, ciliary
marginal zone; POM, periocular mesenchyme; ND, not described.
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1.8.4 Functional studies of SoxC proteins in animal models during eye development
In mice, global knockout of Sox11 and/or Sox4 is lethal due to common trunk defect in the
ventricular chamber of the heart. However, Sox12 knockouts are viable and fertile without
obvious developmental abnormalities (Dy et al., 2008; Hoser et al., 2008; Schilham et al., 1996).
Compound Sox11+/-; Sox4+/- heterozygote embryos also die at birth, suggesting that optimal
dosage of Sox4 and Sox11 is required for the development of cardiac tissues in mice.
Sox11-/- homozygous mutant mice embryos exhibit a range of ocular abnormalities, including
Peter’s anomaly, microphthalmia, coloboma, and open eyelids (Sock et al., 2004; Wurm et al.,
2008). No eye defects were reported in Sox4-/- mutant mice, however this may be due to the early
embryonic lethality of this model.

A persistent lens stalk and delayed lens maturation are also observed in SoxC knockout mice as
well as in zebrafish and Xenopus soxC morphants (Cizelsky et al., 2013; Pillai-Kastoori et al.,
2014; Wurm et al., 2008). Immunohistochemical analysis of Sox11-/- embryos during lens
invagination stage revealed reduced cell proliferation in the lens placode, suggesting the
requirement of Sox11 for the lens vesicle separation from the surface ectoderm (Wurm et al.,
2008). A recent study using lens-specific Pax6 conditional knockout mice suggests that as lens
development progresses, Pax6 is required to suppress the expression of Sox11 in the lens via miR204 (Shaham et al., 2013).

In addition to ocular morphogenesis and lens defects, SoxC deficiency also leads to defects in
RGC differentiation in the vertebrate retina. Sox4, Sox11, and Sox4/Sox11 conditional knockout
mice were generated using a Six3-Cre line, knocking out Sox4 and/or Sox11 by E9 in the eye field
and ventral forebrain (Jiang et al., 2013b). Only a modest reduction of RGCs was detected in
Sox4 or Sox11 single knockouts, but a complete loss of RGCs and significant reductions in other
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retinal cell types were observed in the Sox4/Sox11-double knockout retina (Jiang et al., 2013b). In
agreement with the observations in mice, the expression of the RGC marker pouf4f1 was absent
in the retinas of both Sox4- and Sox11-deficient Xenopus embryos, indicating a defect in RGC
differentiation (Cizelsky et al., 2013). The mechanism of how SoxC proteins regulate retinal
ganglion cell neurogenesis is still to be investigated, but Usui et al reported a change of histone
modification status of several proneural genes including Ath5, NeuroD, and Fbxo in Sox4 and
Sox11 conditional knock-out retinas, suggesting that SoxC proteins may epigenetically influence
retinal progenitor cell competence and differentiation (Usui et al., 2013b).

Sox4 and Sox11 are also potential regulators of vertebrate photoreceptor differentiation, as their
expression levels were both upregulated in a chronic rod photoreceptor degeneration and
regeneration zebrafish model, suggesting a role for SoxC factors in rod photoreceptor
differentiation (Morris et al., 2011a). In contrast, in vitro SoxC gain-of-function analysis on
mouse retinal explants showed an increased numbers of cone photoreceptors at the expense of
numbers of rod photoreceptors and Müller glia, suggesting that SoxC factors inhibit rod
photoreceptor differentiation (Usui et al., 2013b). These seemingly conflicting observations
suggest that maybe SoxC factors have distinct roles for photoreceptor differentiation among
different species, or that photoreceptor differentiation requires an optimal SoxC expression level,
such that too much or too little significantly compromises terminal differentiation.

1.9 SoxC and human ocular defects
One of the most common syndromes among coloboma patients is CHARGE syndrome.
Mutations in Chromatin remodeler chromodomain-helicase-DNA-binding protein 7 (CHD7) are
identified in 65% of patients with CHARGE syndrome (Chang et al., 2006; Gage et al., 2015;
Vissers et al., 2004). CHD7 regulates neurogenesis by epigenetically changing the chromatin
structure of target genes and modifying their transcription activity (Kim and Roberts, 2013). Loss
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of CHD7 in mouse neural stem cells results in a significant reduction in neurogenesis as well as a
loss of SoxC gene expression (Feng et al., 2013). Computational analysis of gene expression
profiling data from the Cancer Genome Atlas Project (TCGA) revealed that SOX4 and SOX11
display the strongest correlation with CHD7 expression, and overexpression of SOX4/SOX11 can
rescue neural differentiation defects in cultured CHD7 mutant neural stem cells (Feng et al.,
2013), suggesting that SOX4 and SOX11 are direct targets of CHD7. Given the coloboma
phenotype present in Sox11 mutant mice and Sox4/11-deficient zebrafish, it is tempting to
speculate that altered expression of SOX4 and SOX11 also underlies the coloboma observed in
CHARGE syndrome patients. In fact, a de novo 6.5 Mb genome duplication at 2p25 was detected
recently in a patient with CHARGE syndrome and SOX11 along with 23 other genes were
duplicated in this chromosome region (Sperry et al., 2016).

Additionally, two patients with Coffin-Siris syndrome that displayed visual defects were reported
to have heterozygous mutations in the HMG domain of SOX11 (Tsurusaki et al., 2014). Genetic
sequencing also revealed two novel heterozygous SOX11 variants from 79 patients with MAC
(microphthalmia, anophthalmia, and coloboma) (Pillai-Kastoori et al., 2014).

1.10 Conclusions and perspective
Along with the development of forward and reverse genetic analysis methods and the generation
of animal models, more and more regulatory mechanisms for ocular development have been
unveiled. Several cell signaling pathways are required for the development of eye in a tissuespecific and timely manner by regulating progenitor cell proliferation and specification. Intrinsic
expressions of transcription factors are not only consequences of different cell signaling activities,
but also prime the competence of ocular progenitor cells to respond to extrinsic cell signaling.
Although SoxC transcription factors are well known for their pro-differentiation functions in
many developmental processes including neuron differentiation and survival in the brain,
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surprisingly little is known about their transcriptional targets. Even less is understood for the
function of SoxC factors in ocular development. Future studies will likely focus on the
investigation of SoxC target genes, and exploration of the mechanisms of SoxC genes in
regulating ocular development.

1.11 Rationale, Hypothesis and Specific Aims
Previous studies have identified SoxC as indispensable transcription factors for cell survival and
differentiation in the developing as well as adult nervous system (Bhattaram et al., 2010; Chen et
al., 2015a; Cheung et al., 2000; Mu et al., 2012; Potzner et al., 2010). Their peak expression in
postmitotic neuronal progenitor cells suggests that SoxC act as a critical link between the selfrenewal and terminal differentiation of progenitor cells. Although they are highly expressed in the
developing vertebrate eye in a spatiotemporal-specific pattern and SoxC loss-of-function affects
retinal neurogenesis, their target genes and mechanisms in regulating the differentiation of ocular
tissues are still in a shadow (Cizelsky et al., 2013; Jiang et al., 2013b; Usui et al., 2013a).

The aim of this dissertation was to determine the role of Sox4 during vertebrate ocular
morphogenesis and retinal neurogenesis. Based on previous knowledge on Sox4 expression
pattern in the developing eye and its upregulation in a chronic rod photoreceptor degeneration and
regeneration zebrafish model (Jiang et al., 2013b; Morris et al., 2011a), the initial hypothesis was
that Sox4 is required for proper eye morphogenesis and rod photoreceptor differentiation.
Presented in this dissertation is evidence of the requirement of Sox4 for proper ocular
morphogenesis, specifically during the process of proximo-distal patterning of the optic vesicle
and choroid fissure closure. And for the first time we reported a negative regulatory relationship
between the Sox4 and the Hh signaling ligand indian Hedgehog b (ihhb) during ocular
morphogenesis in zebrafish. Additionally, efforts were put into the generation and
characterization of Sox4 mutant zebrafish lines using CRISPR/Cas9-mediated genome editing
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system. A delay in rod photoreceptor differentiation was observed in the mutant, providing
evidence for the requirement of Sox4 during rod photoreceptor neurogenesis.

This work will be laid out in the following aims:

Specific Aims

I.

Characterize the expression pattern of sox4a and sox4b in the developing eye.
•

Using whole mount and fluorescent in situ hybridization, describe the expression
of sox4a and sox4b during different stages of ocular development.

II.

Characterize the phenotypes of sox4a and sox4b misexpression in the developing eye
at the morphological and cellular level.
•

Use morpholino-mediated knockdown and mRNA overexpression to generate
sox4a/b loss-of-function and gain-of-function zebrafish embryos.

•

Analyze morphology changes of the developing eye in sox4a/b loss-of-function
and gain-of-function embryos.

•

Analyze cellular changes of the developing eye in sox4a/b loss-of-function and
gain-of-function embryos, including differentiation of retinal cell types and levels
of apoptosis and proliferation.

III.

Based on sox4 misexpression phenotypes, test the hypothesis that Hh signaling
contributes to ocular morphogenesis defects displayed in sox4 loss-of-function and
gain-of-function eyes.
•

Evaluate the expression levels of Hh target genes pax2a and pax6a in control and
sox4 morphants by fluorescent in situ hybridization and quantitative real time
PCR (qPCR) at different stages of eye development.

•

Test the contribution of Hh signaling to the abnormal ocular phenotypes in sox4
morphants by using pharmacological inhibition of Hh signaling on sox4
morphant embryos.

•

Evaluate the effect of sox4 knockdown on the expression of Hh receptor gene
patched2 using a transgenic zebrafish Tg(GBS-ptch2:nlsEGFP) at early stages of
eye development.
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•

Analyze the expression levels of Hh pathway ligands, receptors, and downstream
effectors in control and sox4 morphants by qPCR. Confirm changes of expression
at protein level by western blot.

•

Evaluate the contribution of ihhb ligand to the abnormal ocular phenotypes
displayed by sox4 morphants by co-knockdown of both ihhb and sox4 in
developing zebrafish embryos.

•

Test the expression level of ihhb in sox4 overexpressing embryos.

•

Identify potential intermediate molecules between sox4 and ihhb by examining
expression levels of known Hh regulators in sox4 morphants.

IV.

Determine whether Sox4 and Sox11 function redundantly to regulate ocular
morphogenesis.
•

Analyze the phenotypes of sox4 and sox11 double knockdown embryos and
compare it with sox4 or sox11 single knockdown embryos.

•
V.

Test whether sox11 mRNA injection can rescue sox4 morphant phenotypes.

Generation of sox4 mutants using CRISPR/Cas9 genome editing system.
•

Generate stable sox4a and sox4b mutant lines by CRISPR/Cas9 for future studies
of the requirement of Sox4 in embryonic and adult retinal neurogenesis and
regeneration.

•

Characterize mutants’ phenotypes at morphological, cellular, and molecular
levels at embryonic and juvenile stages.

VI.

Examine the requirement of Sox4 in rod photoreceptor neurogenesis.
•

Confirm the upregulation of sox4a/b in adult Tg(XRho:gap43-mCFP) q13
transgenic zebrafish retina by FISH and RT-PCR.

•

Analyze rod photoreceptor differentiation in sox4 morphant embryos

•

Analyze rod photoreceptor differentiation in Sox4 mutant embryos and juveniles.

Aims I, II, III, and IV are included in Chapter 2.
Aim V is included in Chapter 3.
Aim VI is included in Chapter 4.

Copyright © Wen Wen 2016
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2.1 Abstract
SoxC transcription factors play critical roles in many developmental processes, including
neurogenesis, cardiac formation, and skeletal differentiation. In vitro and in vivo loss-of-function
studies have suggested that SoxC genes are required for oculogenesis, however the mechanism
was poorly understood. Here, we have explored the function of the SoxC factor Sox4 during
zebrafish eye development. We show that sox4a and sox4b are expressed in the forebrain and
periocular mesenchyme adjacent to the optic stalk during early eye development. Knockdown of
sox4 in zebrafish resulted in coloboma, a structural malformation of the eye that is a significant
cause of pediatric visual impairment in humans, in which the choroid fissure fails to close. Sox4
morphants displayed altered proximo-distal patterning of the optic vesicle, including expanded
pax2 expression in the optic stalk, as well as ectopic cell proliferation in the retina. We show that
the abnormal ocular morphogenesis observed in Sox4-deficient zebrafish is caused by elevated
Hedgehog (Hh) signaling, and this is due to increased expression of the Hh pathway ligand Indian
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hedgehog b (ihhb). Consistent with these results, coloboma in sox4 morphants could be rescued
by pharmacological treatment with the Hh inhibitor cyclopamine, or by co-knockdown of ihhb.
Conversely, overexpression of sox4 reduced Hh signaling and ihhb expression, resulting in
cyclopia. Finally, we demonstrate that sox4 and sox11 have overlapping, but not completely
redundant, functions in regulating ocular morphogenesis. Taken together, our data demonstrate
that Sox4 is required to limit the extent of Hh signaling during eye development, and suggest that
mutations in SoxC factors could contribute to the development of coloboma.

Highlights

•

Sox4 is required for choroid fissure closure, and Sox4 deficiency causes ocular
coloboma.

•

Knockdown of Sox4 alters proximo-distal patterning of the optic stalk and vesicle.

•

Knockdown of Sox4 results in elevated Hh signaling.

•

Sox4 negatively regulates expression of the Hh ligand gene Indian Hedgehog (ihhb).

2.2 Introduction
Ocular coloboma is a developmental disorder that occurs when the choroid fissure, a transient
opening that forms in the ventral portion of the optic cup, fails to properly close, causing a cleft in
the inferonasal quadrant of the eye. Depending on the timing and location of the closure defect,
coloboma can affect multiple regions of the developing eye, including the cornea, iris, ciliary
body, retina, pigmented epithelium, and the optic nerve (Chang et al., 2006). Coloboma is often
observed in conjunction with other ocular abnormalities, such as microphthalmia, anophthalmia,
or anterior chamber defects, and may also be associated with more complex syndromes affecting
multiple systems (Chang et al., 2006; Eccles and Schimmenti, 1999; Guirgis and Lueder, 2003;
Morrison et al., 2000; Porges et al., 1992). Although coloboma represents an important cause of
pediatric visual impairment, contributing to 3-11% of childhood blindness worldwide (Hornby et
41

al., 2000), the molecular and cellular mechanisms underlying choroid fissure closure and the
genetic etiology of coloboma remain poorly understood. This is partly because ocular coloboma
is both phenotypically and genetically heterogeneous, and although numerous coloboma-causing
genes have been identified, mutations in these genes account for only a minority of cases. Based
on data from patient studies and from animal models, a coloboma gene network has been
proposed, which highlights the complex relationships between several genes implicated in
coloboma or associated ocular malformations (Gregory-Evans et al., 2004). The members of this
network include eye field specific transcription factors (EFTFs), cell cycle regulators, and cell
signaling molecules that collectively control cell proliferation, cell migration, cell fate
specification, and cell death.

One of the central hubs of the coloboma gene network is the secreted molecule Sonic Hedgehog
(Shh), one of the ligands for the evolutionarily conserved Hedgehog (Hh) signaling pathway. Hh
signaling is critical for the correct morphogenesis, growth, and patterning of several embryonic
tissues and organs, and also plays a key role in tissue regeneration, stem cell maintenance, and
tumorigenesis (Briscoe and Therond, 2013; Ingham and McMahon, 2001). In the development of
the visual system, Hedgehog (Hh) signaling is required at several stages. Early in development,
Hh signals emanating from the ventral midline regulate the segregation of a single eye field into
two bilateral optic primordia. As the optic vesicles evaginate from the forebrain, Hh signaling
controls proximo-distal patterning of the optic vesicle into optic stalk and optic cup domains,
respectively (Ekker et al., 1995). And after optic cup formation, Hh signaling within the
developing retina regulates neurogenesis by controlling retinal progenitor cell proliferation and
differentiation (Marti and Bovolenta, 2002). Reflecting its central role in oculogenesis, mutations
in Shh are associated with several ocular defects, including cyclopia, microphthalmia,
anophthalmia, and coloboma (Amato et al., 2004; Gongal et al., 2011; Schimmenti et al., 2003).
Moreover, the downstream targets of Shh include several coloboma-causing genes (Sanyanusin et
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al., 1995; Slavotinek et al., 2012). However, less is known about the factors that lie upstream of
Hh ligand expression – such genes may also contribute to the pathogenesis of coloboma.

We recently demonstrated that the SoxC transcription factor Sox11 is one of the upstream
regulators of Hh signaling, and that in the zebrafish, Sox11 regulates choroid fissure closure as
well as retinal neurogenesis by inhibiting the expression of Shh (Pillai-Kastoori et al., 2014). The
Sox proteins are named for a shared motif called the SRY box, a high-mobility-group (HMG)
DNA binding domain homologous to the DNA-binding domain of the mammalian sexdetermining gene SRY. Based on amino acid identity within the HMG domain, Sox proteins are
divided into 8 groups (A to H). The SoxC group includes Sox4, Sox11 and Sox12 (Bowles et al.,
2000). SoxC family members display overlapping expression domains in several embryonic
tissues, including neuronal and mesenchymal progenitor cells (Dy et al., 2008). The SoxC factors
function redundantly in the development of some tissues, such as the nervous system, but also
have distinct roles in the development of other tissues, such as the heart (Bergsland et al., 2006;
Bhattaram et al., 2010; Paul et al., 2013; Penzo-Mendez, 2010). Moreover, Sox11 null mice
survive several days longer than Sox4 null mice, suggesting non-redundant roles for these two
proteins in early embryogenesis.

In this study, we examined the function of Sox4 in zebrafish ocular development. Like Sox11,
Sox4 is expressed in multiple embryonic tissues, including the retina (Dy et al., 2008; PillaiKastoori et al., 2014; Usui et al., 2013a). In the mouse, Sox4 expression initiates in the central
retina near the optic nerve at E11.5. As retinal development proceeds, Sox4 is expressed in the
ganglion cell layer (GCL) and the neuroblastic layer (NBL). Constitutive Sox4 null mice die at
E14.5 due to severe cardiac malformation and defects in B lymphocyte differentiation (Schilham
et al., 1996), precluding a more thorough assessment of Sox4’s role in ocular development in this
model. A conditional Sox4 knockout mouse in which Sox4 is deleted in the developing retina
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displayed a modest reduction in ganglion cell number, but no other ocular defects were reported,
and the effect of Sox4 deletion on Hh signaling was not investigated (Jiang et al., 2013b).

Zebrafish possess two co-orthologs of the mammalian Sox4 gene: sox4a and sox4b. Previously,
microarray analysis of retinal mRNA from a zebrafish model of chronic rod photoreceptor
degeneration and regeneration revealed that sox4a and sox4b mRNA levels are up-regulated in
response to rod photoreceptor loss (Morris et al., 2011a), suggesting they function in rod
regeneration. However, the role of sox4a/b in embryonic zebrafish ocular development was not
known. In this study, we show that Sox4 is required for choroid fissure closure and proper
proximo-distal patterning of the optic vesicle in zebrafish. We also demonstrate that loss of Sox4
affects retinal progenitor cell proliferation. Furthermore, we show that similar to loss of Sox11,
the ocular phenotypes of Sox4-deficient zebrafish are caused by elevated Hh signaling. However,
in contrast to Sox11, we found that Sox4 primarily regulates expression of the Hh signaling
ligand Indian Hedgehog (Ihh), rather than Shh. Therefore, our data demonstrate that Sox4 and
Sox11 together control levels of Hh signaling during ocular development by regulating
expression of distinct Hh ligands, and suggest that SoxC factors may be additional members of
the coloboma gene network.

2.3 Results
2.3.1 Sox4a and sox4b are expressed in periocular tissues and the developing retina
We performed fluorescent in situ hybridization (FISH) with antisense probes for sox4a and sox4b
to determine their expression patterns in the forebrain and the eye during zebrafish embryonic
development. Previous studies reported expression of sox4 as early as the 5 somite stage
(approximately 12 hours post fertilization, hpf) in the lateral plate mesoderm and mid-trunk
endoderm of zebrafish embryos, respectively (Mavropoulos et al., 2005). Using FISH, we
detected sox4a expression in the dorsal forebrain and around the optic stalk at 12 hpf, (Figure
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2.1A-A’’). Sox4b was not detectable at this time point. At 18 hpf, during optic vesicle
invagination to form the bi-layered optic cup, expression of sox4a was detected in cells on either
side of and directly adjacent to the optic stalk (Figure 2.1B). More posteriorly, sox4a expression
was observed in periocular cells in the dorsal diencephalon (Figure 2.1B’-B’’). Expression of
sox4b was also occasionally observed in this region, although not in all embryos analyzed (Figure
2.1C’-C’’). Some of the sox4a-positive periocular cells were of neural crest origin, as they colocalized with GFP+ cells in the sox10:EGFP transgenic line (Hoffman et al., 2007) (Figure 2.1F,
arrows). At 24 hpf, expression of both sox4 paralogs was observed in the ventral diencephalon
adjacent to the retina (Figure 2.1D-E’’), and sox4a expression persisted in the dorsal
sox10:EGFP+ periocular mesenchyme (Figure 2.1H). Expression of sox4a and sox4b was first
observed in the ventronasal retina at 36 hpf (Figure 2.1J-K), coinciding with the onset of retinal
neurogenesis. These sox4+ cells did not co-localize with PCNA, a marker for proliferating cells,
suggesting that they were postmitotic (Figure 2.1P-U). At 48 hpf, sox4a expression was detected
in the inner half of the inner nuclear layer (INL), whereas sox4b was expressed in both the
ganglion cell layer (GCL) and the inner portion of the INL (Figure 2.1L-M). Some of the
sox4a/b-positive cells co-localized with the ganglion and amacrine cell marker HuC/D at 48 hpf
(Figure 2.1W-X’’). At 72 hpf, scattered expression of sox4a and sox4b was observed in the outer
half of the INL, and expression of sox4a/b was also detected in the ciliary marginal zone (CMZ),
the persistently neurogenic region at the periphery of retina (Figure 2.1N-O). The sox4a/bpositive cells in the CMZ were located in the central CMZ and mostly did not co-localize with
PCNA (Figure 2.1T-U), suggesting that sox4a/b marks postmitotic neuronal precursors in this
region. In the distal INL, rare sox4b-positive cells co-localized with the horizontal cell marker
Prox1, however the sox4a-positive cells did not co-localize with horizontal, bipolar, or Müller
cell markers (Figure S2.1). Instead, we found that some sox4a-positive cells in the outer INL also
expressed crx (Figure 2.1Y-Y’’), suggesting that sox4a may be expressed in some photoreceptor
progenitors (Nelson et al., 2008). Taken together, the early expression of sox4 adjacent to the
45

optic stalk and evaginating optic vesicle, and later expression within the developing retina,
suggests that it functions during zebrafish ocular development.
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Figure 2.1. Expression of sox4a and sox4b during ocular development. (A-A’’) Fluorescent in
situ hybridization (FISH) for sox4a performed on transverse cryosections at 12 hpf. (B-D’’) FISH
for sox4a (B-B’’ and D-D’’) or sox4b (C-C’’ and E-E’’) performed on transverse cryosections
taken at the level of the anterior, middle, and posterior optic vesicle at 18 or 24 hpf. (F-I) FISH
with sox4a and sox4b probes performed on sections from sox10:EGFP transgenic embryos at 18
and 24 hpf . (J-O) FISH for sox4a or sox4b performed on transverse retinal cryosections at 36, 48,
and 72 hpf. (P-U) FISH combined with immunohistochemistry for the proliferation marker
PCNA at 24, 48, or 72 hpf. (V-V’’) Control FISH with a sense probe for sox4a and sox4b at 12
and 72 hpf. (W-X’’) FISH combined with immunohistochemistry for HuC/D, which labels
ganglion and amacrine cells, at 48 hpf. (Y-Z’’) Two-color FISH with sox4a/b and crx probes
performed at 72 hpf. Arrows indicate co-localization, arrowheads indicate sox4a/b+ cells that did
not co-localize with the indicated marker. All scale bars equal 50 µm. D, dorsal; V, ventral; B,
brain; OV, optic vesicle; L, lens; R, retina; P, peripheral CMZ; C, central CMZ; GCL, ganglion
cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; ON, optic nerve.
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Figure S2.1. Co-localization of sox4a/b with cell specific markers at 72 hpf. (A-B’’) FISH for
sox4a and sox4b followed by immunostaining for the ganglion and amacrine cell marker HuC/D.
Whereas sox4a did not co-localize with HuC/D (A-A’’), some sox4b-positive cells co-localized
with HuC/D (B-B’’, arrows). (C-D’’) FISH for sox4a and sox4b followed by immunostaining for
the horizontal cell marker Prox1. Sox4a did not co-localize with Prox1 (C-C’’), however some
sox4b-positive cells in the outer half of the INL co-localized with Prox1 (D-D’’, arrows). (E-F’’)
FISH for sox4a and sox4b followed by immunostaining for the bipolar cell marker PKC-α. No
co-localization with PKC-α was detected. (G-H’’) FISH for sox4a and sox4b was performed in
embryos transgenic for gfap:GFP which labels Müller glial cells. No co-localization with Müller
cells was observed. All scale bars equal 25 µm. GCL, ganglion cell layer; INL, inner nuclear
layer.
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2.3.2 Knockdown of sox4 causes ocular coloboma
Translation blocking morpholinos (MOs) targeting the 5’-UTR upstream of the translation start
site were used to knock down sox4a/b expression in zebrafish embryos. The efficiency of each
sox4 MO was assessed by co-injecting an EF1α-EGFP plasmid containing the MO binding site.
At 24 hpf, 91.94± 1.93% of the control MO injected embryos displayed GFP expression; in
contrast, none of the sox4 MO injected embryos showed any GFP expression, indicating that the
sox4 MOs are highly efficient in blocking target mRNA translation (Figure S2.2A-E).
Morpholino-injected embryos were scored for ocular phenotypes at 24, 48, and 72 hpf by light
microscopy. Since some toxicity was observed in sox4 morphants, a p53 MO was co-injected to
inhibit non-specific cell death. Knockdown of sox4a resulted in ocular coloboma in 12.23± 2.89%
of embryos (n= 17/139), whereas knockdown of sox4b caused coloboma in 9.24±2.79% of
embryos (n= 11/119). Knockdown of both sox4a/b simultaneously caused coloboma in 47.84 ±
7.32% of embryos (n= 133/278), suggesting a synergistic effect on the phenotype (Figure S2.2F).
In all subsequent experiments, sox4a and sox4b MOs were co-injected, and sox4a/b MO-injected
embryos are referred to as sox4 morphants. Occasionally, pericardial edema and a curved tail
were also observed in sox4 morphant embryos (data not shown). However, as these phenotypes
can be produced by non-specific activity of MOs, we did not analyze them further. We observed a
higher incidence of coloboma (76.92%, n= 130/169) in sox4 morphants without the p53 MO,
suggesting that cell death may also contribute to the coloboma phenotype (data not shown).
We performed three separate experiments to confirm the specificity of the sox4 morphant
coloboma phenotype. First, a second set of non-overlapping sox4 MOs was used, which produced
a similar proportion of choroid fissure closure defects to the first set (Figure S2.2G-J). Second,
sox4a and sox4b mRNAs (lacking the MO binding site) were co-injected with the sox4 MOs, and
the embryos were scored for coloboma at 48 hpf. Co-injection of sox4a/b mRNA significantly
reduced the incidence of coloboma in sox4 morphants to 16.49% ± 3.37% (Fisher’s exact test,
P<0.0001; Figure 2.2A’’-D’’, 2.2G), suggesting that this phenotype resulted from specific
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knockdown of sox4. Finally, we utilized the CRISPR/Cas9 system (Hruscha et al., 2013; Hwang
et al., 2013; Jao et al., 2013; Talbot and Amacher, 2014) to target mutations to the sox4a and
sox4b genomic loci. For each gene, single guide RNAs (sgRNAs) were designed to target two
different sites within the coding region, neither of which overlapped with the MO target sequence.
In founders injected with Cas9 mRNA and sox4a or sox4b sgRNAs, we observed coloboma in
31.19± 6.40% (n= 13/44) and 20.91± 8.14% (n= 9/48) of injected embryos, respectively (Figure
S2.2M-O). In contrast, none (n= 0/201) of the uninjected controls (UIC) displayed coloboma, and
only 1.33± 2.31% (n= 1/89) of embryos injected with a tyrosinase (tyr) sgRNA/Cas9 exhibited
coloboma, although tyr sgRNA/Cas9 was very effective at inducing pigmentation defects, as
previously described (Jao et al., 2013) (Figure S2.2K-L, S2.2O). High resolution melt curve
analysis (HRMA) and sequencing of the sox4a and sox4b target regions in individual injected
embryos confirmed that short indels were generated in the sox4 gRNA/Cas9 injected individuals
with high efficiency (Figure S2.2P-Q and data not shown), with the mutation frequency ranging
from 52.78% to 94.44%. These data suggest that the CRISPRs induced bi-allelic gene
inactivation in mosaic injected embryos, as has been reported previously in zebrafish and mice
(Jao et al., 2013; Yen et al., 2014; Zhang et al., 2014), resulting in ocular phenotypes similar to
those seen in the sox4 morphants. Taken together, these results strongly support the specificity of
the sox4 morphant coloboma phenotype.

The first sign of an ocular defect in sox4 morphants was detected at the 8-10 somite stage (12-14
hpf), when the horizontal crease (formed during the evagination of the optic vesicle), becomes
visible. Compared to the control morphants, the sox4 morphants that developed ocular coloboma
at 48 hpf always displayed a “crooked” horizontal crease at 12-14 hpf (Figure 2.2A’, arrow),
suggesting that the coloboma resulted from an earlier ocular morphogenesis defect. At 24 hpf, the
two lips on either side of the choroid fissure in the ventral retina were either wide open or bent
backwards in sox4 morphants (Figure 2.2B’). The persistently open choroid fissure was more
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obvious at 48 and 72 hpf, because this region of the ventral retina appeared to lack pigmentation
of the underlying retinal pigmented epithelium (RPE) (Figure 2.2C’). Ventral views of sox4
morphant embryos revealed a hole in the posterior RPE through which the retinal tissue extruded
into the brain, which accounts for the apparent lack of pigmentation in this region when viewed
laterally (Figure 2.2D’). Histological sections of 72 hpf control and sox4 morphant embryos
clearly demonstrated the extrusion of colobomatous tissue through the open choroid fissure
(Figure 2.2F, asterisk). Sox4-deficient retinas also displayed less mature lamination compared to
control retinas, however all three retinal cell layers were present.

We immunolabeled control and sox4 morphant embryos with an antibody that recognizes
laminin, which is present in the basement membrane surrounding the optic cup. As the nasal and
temporal lips of the retina on either side of the choroid fissure fuse together, laminin is degraded
and disappears. In control morphants at 48 hpf, laminin immunostaining revealed that the nasal
and temporal lobes of the choroid fissure were closely apposed, but not yet fused (Figure 2.3AA’). In contrast, the choroid fissure was much wider in sox4 morphants at this time (Figure 2.3BB’). By 72 hpf in control morphants, only faint expression of a single layer of laminin was visible
at the now closed choroid fissure; however, in sox4 morphants the choroid fissure remained open
with two distinct layers of laminin outlining the unfused lips of the nasal and temporal retina
(Figure 2.3C-D’).
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Figure 2.2. Knockdown of sox4 causes coloboma. Representative images of control MOinjected embryos (A-D), sox4 MO-injected embryos (A’-D’), and embryos injected with both
sox4 MO and sox4 mRNA (A’’-D’’). A minimum of 5 embryos were imaged for each group.
Images in A-C’’ are lateral views; images in D-D’’ were taken from the ventral side of the
embryo. Insets show the whole body of the same embryo in the larger panel. Arrow in A’
indicates the horizontal crease; arrows and brackets in B-C’’ indicate the choroid fissure. (E-F)
Transverse DAPI-stained sections of control and sox4 morphants at 72 hpf. The coloboma in the
sox4 morphant retina is prominent (F, asterisk). (G) Quantification of the coloboma phenotype at
48 hpf. In control morphants, 0.61± 0.49% of embryos displayed coloboma (n= 2/329). In sox4
morphants, 45.01± 4.43% of embryos displayed coloboma (n= 257/571). Co-injection of sox4
mRNA significantly reduced the incidence of coloboma to 16.49± 3.37% (n= 31/188; Fisher’s
exact test, P< 0.0001). Scale bars for the insets in B-C’’ equal 500 µm.
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Figure S2.2. Efficiency and specificity of sox4 MOs and sox4 CRISPR phenotype. (A-D’)
EF1α-EGFP plasmids containing the sox4a or sox4b MO binding site were co-injected with either
control MO or sox4 MO. At 24 hpf, control MO injected embryos showed ubiquitous GFP
expression (A-B’), whereas sox4 MO injected embryos showed no GFP expression (C-D’). (E)
Quantification of the percentage of injected embryos with GFP expression at 24 hpf. In control
MO injected embryos, 91.94± 1.93% had GFP expression (n= 107/116). In sox4 MO injected
53

embryos, none of them showed any GFP expression (n=0/227). (F) Sox4a and sox4b are both
required for choroid fissure closure. Two different doses of sox4a and sox4b MO were injected
into zebrafish embryos either separately or combined. A synergistic effect on the incidence of
coloboma was observed when sox4a and sox4b MO were co-injected at both doses (Fisher’s exact
test, P< 0.0001). (G-J) A second set of non-overlapping sox4a/b MOs also resulted in coloboma
at similar proportions to sox4 MO1 (40.85± 8.39%, n= 183/448). Bracket and arrows in (H) and
(I) indicate the open choroid fissure and extrusion of the retina at the coloboma region. (K-L)
Representative images of eyes from uninjected control (UIC) and tyrosinase (tyr) sgRNA/Cas9
injected embryos at 48 hpf. The tyr sgRNA/Cas9 injected embryos displayed a reduction in
retinal pigmentation but did not have coloboma. (M-N) Representative images of eyes from sox4a
and sox4b sgRNA/Cas9 injected embryos at 48 hpf that displayed coloboma (asterisk). (O)
Quantification of the percentage of embryos with coloboma at 48 hpf. (P-Q) HRMA analysis
detected the presence of mutant alleles in individual sox4a/b sgRNA/Cas9 injected embryos
(arrows), which were confirmed by sequencing (not shown).
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2.3.3 Proximo-distal patterning of the optic vesicle is altered in Sox4-deficient zebrafish
Coloboma can result from an abnormal or enlarged optic stalk, which may arise when there is a
shift in the cell fate boundary between the optic stalk and the optic vesicle (Chang et al., 2006).
We performed FISH on control and sox4 morphant sections to examine the expression of pax2a
and pax6a, which mark the optic stalk and optic vesicle domains, respectively. In control
morphants at 18 hpf, pax2a expression was restricted to a wedge of cells located between the
optic vesicle and the brain, and pax6a expression was evident throughout the optic vesicle (Figure
2.3E). In sox4 morphants however, the region of pax2a expression was expanded into the optic
vesicle, and there was a corresponding retraction of pax6a expression (Figure 2.3F). The
expansion of pax2a expression in sox4 morphants persisted at 48 and 72 hpf, where it was
particularly prominent in the ventral retina around the open choroid fissure (Figure 2.3G-H and
data not shown). The changes in pax2a and pax6a expression in sox4 morphants were confirmed
by quantitative RT-PCR (qPCR), which showed that in sox4 morphant heads at 18 hpf pax2a was
significantly up-regulated (1.69±0.25 fold) while pax6a was significantly down-regulated
(2.0±0.08 fold; Figure 2.3I). This result indicates that the proximo-distal patterning of the optic
vesicle was disrupted in Sox4-deficient embryos.
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Figure 2.3. Persistence of laminin expression at the choroid fissure and altered proximodistal patterning of the optic vesicle in sox4 morphants. (A-D’) Laminin immunostaining on
control and sox4 morphant embryos at 48 and 72 hpf. Representative images from 15-20
individuals analyzed for each group are shown. (E-H) Double FISH for pax2a and pax6a at 18
and 48 hpf. (I) qPCR analysis revealed a 1.69-fold increase in pax2a expression and a 2.0-fold
decrease in pax6a expression in sox4 morphant heads at 18 hpf (Student’s t-test, P<0.05). All
scale bars equal 50 µm. Asterisks in A’ and C’ indicate the closing or fused choroid fissure in
control morphants; brackets in B’ and D’ indicate the open choroid fissure in sox4 morphants.
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2.3.4 Sox4-deficient retinas display ectopic cell proliferation
Altered retinal progenitor cell proliferation has been observed in coloboma models (Kim et al.,
2007; Liu et al., 2012). We used an antibody to phosphohistone H3 (PH3) to label mitotic cells in
control and sox4 morphant eyes. At 18 and 24 hpf, no apparent difference was observed between
control and sox4 morphants (Figure 2.4A-E). At 36 and 48 hpf, the total number of PH3+ cells in
the retina was significantly reduced in sox4 morphants compared to controls. Interestingly, some
PH3+ cells were ectopically located in the inner retina of sox4 morphants, whereas in controls
PH3+ cells were all aligned at the apical border of the retina (Figure 2.4A, 2.4F-I). At 72 hpf,
when retinal differentiation is largely complete, PH3+ cells in control morphant retinas were
confined to the peripheral CMZ (Figure 2.4J). Sox4 morphant retinas possessed PH3+ cells at the
CMZ as well, but we also observed ectopic PH3+ cells in the GCL, which clustered with PCNApositive cells (Figure 2.4K). These cells did not express the retinal ganglion cell marker Zn8, or
the retinal progenitor cell gene pax6a (Figure S2.3). We also observed PCNA-positive cells
within the colobomatous tissue protruding from the sox4 morphant retinas (Figure 2.4K). Taken
together, these data suggest that overproliferation does not contribute to the coloboma phenotype
of sox4 morphants, since no difference in cell proliferation was observed at 18 or 24 hpf, by
which time abnormal ocular morphogenesis was evident. However, sox4 does appear to influence
cell proliferation in the retina, as knockdown caused an overall reduction in the number of
dividing cells as well as ectopic cell proliferation in the GCL.

We performed a TUNEL assay to determine whether apoptosis was elevated in sox4 morphant
retinas. No apparent difference was observed at 18, 24, and 72 hpf in the number of TUNELpositive cells in the optic vesicle/retina between control and sox4 morphant eyes (Figure 2.4L).
However, at 18 hpf the number of TUNEL-positive cells was significantly higher in the optic
stalk region of sox4 morphants compared to controls (Figure 2.4N, arrows; Fig. 2.4W, Student’s
t-test, P< 0.05). Also, at 48 hpf sox4 morphant retinas possessed a highly variable, but
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significantly greater number of TUNEL-positive cells than control retinas (Figure 2.4L, 2.4S-T).
Moreover, as mentioned previously we observed an increased proportion of embryos with
coloboma when the p53 MO was omitted from the injection (data not shown). Taken together,
these data suggest that apoptosis, particularly within the optic stalk region may contribute to the
severity of the coloboma phenotype.

58

59

Figure 2.4. Sox4 knockdown causes ectopic cell proliferation in the retina. (A) Quantification
of PH3-positive cells in control and sox4 morphant retinas from 18 to 72 hpf. 8-10 individuals
were analyzed in each time point (Student’s t-test, P< 0.01). (B-K) Representative transverse
sections through the optic vesicle and retina of control and sox4 morphants immunolabeled for
PH3 at the indicated time points. Ectopic PH3-positive cells are indicated by arrows. At 72 hpf,
the ectopic PH3-positive cells in the GCL also clustered with PCNA-positive cells (K, arrow). (L)
Quantification of TUNEL-positive cells in control and sox4 morphant optic vesicle and retina
from 18 to 72 hpf. 10-20 individuals were analyzed for each time point (Student’s t-test,
P=0.017). (M-V) Representative transverse sections of control and sox4 morphant retinas labeled
for TUNEL-positive cells from 18 to 72 hpf. (W) Quantification of TUNEL-positive cells in
control and sox4 morphant optic stalk at 18 hpf. Arrows in N indicate increased TUNEL-positive
cells in the optic stalk of an 18 hpf sox4 morphant. All scale bars equal 50 µm.
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Figure S2.3. Sox4 knockdown causes ectopic proliferation in the ganglion cell layer. (A-B)
Clusters of PNCA- and PH3-positive cells were observed in the GCL of sox4 morphant retinas at
72 hpf (B, dashed line), whereas in control morphants proliferative cells were only observed in
the CMZ. (C-D) Pax6a was expressed in the GCL and inner half of the INL in control and sox4
morphants at 72 hpf, however a dense clump of extra cells in the GCL of sox4 morphants was
pax6a-negative (D, dashed line). (E-F) Immunostaining of control and sox4 morphant retinas with
the ganglion cell marker Zn-8. Clusters of Zn-8-negative cells were present in the GCL of sox4
morphants (F, dashed line). D, dorsal; V, ventral; L, lens; CMZ, ciliary marginal zone; GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; ON, optic nerve.
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2.3.5 Hh signaling is elevated in Sox4-deficient zebrafish
As mentioned previously, we have shown that knockdown of Sox11 causes coloboma due to an
elevation of Hh signaling (Pillai-Kastoori et al., 2014). Moreover, the coloboma phenotype in
both sox11 and sox4 morphants resembles other animal models of overactive Hh signaling
(Bassett et al., 2010; Lee et al., 2012; Lee et al., 2008; Zhang et al., 2013). Therefore, we asked
whether cyclopamine, a pharmacological Hh inhibitor, could reduce the incidence of coloboma in
sox4 morphants. We treated sox4 morphants with 2 µM cyclopamine, a concentration which did
not produce any ocular defects on its own (Figure 2.5E), and which was shown previously to
rescue the coloboma phenotype in zebrafish blowout mutants (which carry a mutation in the ptch2
receptor) and sox11 morphants (Lee et al., 2008; Pillai-Kastoori et al., 2014). Sox4 morphants
were exposed to either cyclopamine or an equivalent amount of ethanol vehicle from 5.5 to 13
hpf, and then analyzed at 48 hpf for the presence of coloboma. In vehicle-treated sox4 morphants,
57.78±2.28% of embryos (n= 104/180) displayed coloboma at 48 hpf, consistent with our
previous results. In contrast, cyclopamine treatment suppressed the incidence of coloboma to
15.87±2.20% (n= 26/165; Fisher’s exact test, P<0.0001; Figure 2.5A-E). Treatment of sox4
morphants with cyclopamine from 10 to 24 hpf also significantly decreased the proportion of
embryos with coloboma, however the effect was not as strong as with the earlier treatment period
(data not shown).

To confirm that Hh signaling was elevated in response to sox4 knockdown, we injected sox4 MOs
into heterozygous ptch2:EGFP transgenic embryos, which report on Hh signaling by expressing
GFP in cells that activate the Hh target gene ptch2 (Shen et al., 2013). Elevation of GFP in the
ventral forebrain was observed in sox4 morphants as early as 12 hpf and through 72 hpf in sox4
morphants (Figure 2.5F-I and data not shown), confirming that Hh signaling activity was indeed
upregulated in Sox4-deficient embryos. To quantify the elevation of endogenous ptch2 expression
in sox4 morphants, we performed qPCR on mRNA from control and sox4 morphant embryos at 8,
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10, and 12 hpf. We found that ptch2 transcript was upregulated in sox4 morphants by more than
2-fold at all time points (Figure 2.5J). Taken together, these data indicate that knockdown of Sox4
results in an elevation in Hh signaling in the early embryo that leads to ocular morphogenesis
defects and coloboma.
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Figure 2.5. Hh signaling is elevated in Sox4-deficent zebrafish. (A-D’) Representative eye and
whole body images of vehicle-treated and cyclopamine-treated sox4 morphants at 24 and 48 hpf.
(E) Quantification of the percentage of coloboma in vehicle- and cyclopamine-treated control and
sox4 morphants (control morphants + vehicle: 1.14± 0.96% coloboma, n= 2/175; control
morphants + cyclopamine: 0.49± 0.79% coloboma, n= 1/205; sox4 morphants + vehicle: 57.78±
2.28% coloboma, n= 104/180; sox4 morphants + cyclopamine: 15.87± 2.20% coloboma, n=
26/165; Fisher’s exact test, P<0.0001). (F-I) Representative eye and body lateral images (F-G’)
and transverse sections (H, I) of ptch2:EGFP(+/-) transgenic embryos injected with control (F-F’,
H) or sox4 MO (G-G’, I) at 12 hpf. (J) qPCR analysis of ptch2 expression in embryos injected
with control or sox4 MO at 8, 10, and 12 hpf. Relative transcript abundance was normalized to
level of atp5h (three biological replicates; Student’s t-test, P<0.01).
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2.3.6 Sox4 negatively regulates expression of Indian Hedgehog b (ihhb)
In Sox11-deficient zebrafish, elevation of Hh signaling is caused by an increase in expression of
the Shh gene [shha; (Pillai-Kastoori et al., 2014)]. To determine whether Sox4 also regulates
expression of shha or some other component of the Hh signaling pathway, we performed qPCR
on mRNA prepared from the control and sox4 morphant embryos at 8, 10, and 12 hpf, and from
the heads of control and sox4 morphant embryos at 18 and 24 hpf. Intriguingly, we found that
expression of shha was not significantly different in sox4 morphants compared to controls at any
time point. However, the transcript level of the Hh ligand ihhb was significantly upregulated in
sox4 morphants as early as 8 hpf and was strongly upregulated at 18 and 24 hpf (Figure 2.6A,
Figure S2.4, Student’s t-test, P<0.01). We also detected a more variable increase in expression of
ptch1, ptch2, and gli1 in sox4 morphants at 18 and 24 hpf (Figure S2.4). We confirmed the
upregulation of ihhb transcript in sox4 morphants at 12 and 24 hpf by whole mount in situ
hybridization (WISH), which revealed that ihhb expression in sox4 morphants was upregulated in
the ventral midline at 12 hpf (Figure 2.6C), and at 24 hpf ihhb expression was upregulated in the
hypothalamus and ventral diencephalon, and had also expanded into regions of the telencephalon
and dorsal diencephalon that did not express ihhb in controls (Figure 2.6E). However, the
increase in ihhb expression in sox4 morphants was not ubiquitous, as ihhb expression in the
posterior notochord was similar to controls at 24 hpf (Figure 2.6G). We also confirmed that Ihhb
protein levels were elevated in 24 hpf sox4 morphant heads by Western blot (Figure 2.6H).
Moreover, qPCR of mRNA prepared from cyclopamine-treated sox4 morphants revealed that
expression of ihhb returned to control levels following cyclopamine treatment (Figure 2.6I).
Taken together, these results demonstrate that knockdown of Sox4 causes an increase in Hh
signaling primarily through upregulation of ihhb expression.

Next, we co-injected an ihhb MO together with the sox4 MOs and quantified the incidence of
coloboma at 48 hpf. Co-injection of the ihhb MO significantly reduced the incidence of coloboma
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in sox4 morphants in a dosage dependent manner: 19.33± 2.52% (n= 14/75) of sox4 morphant
embryos displayed coloboma when 0.5 ng of ihhb MO was injected (compared to 51.24± 2.70%
with sox4 MO alone), whereas injecting 1.0 ng of ihhb MO suppressed coloboma to 10.67±
2.08% (n= 9/91; Figure 2.6J). We also co-injected a previously described shha MO (Nasevicius
and Ekker, 2000) with the sox4 MOs to determine whether it could rescue the coloboma
phenotype. When 2.0 ng of shha MO was injected the proportion of embryos with coloboma was
not significantly different from that observed with sox4 MO alone (Figure 2.6J). However, 3.0 ng
of shha MO did significantly reduce coloboma to 34.39 ± 5.03% (n= 79/229; Fisher’s exact test,
P=0.0001), although the extent of rescue was not as strong as with the ihhb MO. Together, these
results confirm that Sox4 negatively regulates the expression of ihhb and that elevated ihhb
expression in Sox4-deficient zebrafish causes coloboma.
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Figure 2.6. Sox4 negatively regulates ihhb expression. (A) ihhb and shha qPCR of mRNA
from control and sox4 morphant whole embryos at 8, 10 and 12 hpf, and heads at 18 and 24 hpf.
Relative transcript abundance was normalized to level of atp5h or gapdh. Y axis represents the
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average ratio of normalized sox4 morphant to control expression (three biological replicates;
Student’s t-test, P<0.01). (B-G) Ihhb expression in control and sox4 morphants at 12 and 24 hpf
detected by WISH. Representative images are presented from 15-20 individuals analyzed. Lateral
images in B-E focus on the midline, therefore the eye is not visible. Arrows in B and C mark the
ventral forebrain at the level of the optic vesicle. (H) Western blot analysis of protein lysates from
control or sox4 morphant heads at 24 hpf. Two biological replicates were performed (sets 1 and
2) (I) qPCR of mRNA from vehicle- and cyclopamine-treated sox4 morphants (Student’s t-test,
P<0.01). (J) Quantification of the proportion of embryos with coloboma at 48 hpf in sox4
morphants co-injected with two different doses of either ihhb MO or shha MO (sox4 MO alone:
51.24± 2.7%, n= 209/404; sox4 MO + 0.5 ng/embryo ihhb MO: 19.33± 2.52%, n= 14/75; sox4
MO + 1.0 ng/embryo ihhb MO: 10.67± 2.08%, n= 9/91; sox4 MO + 2.0 ng/embryo of shha MO:
41.84± 5.62%, n= 53/125; sox4 MO + 3.0 ng/embryo of shha MO, 34.39± 5.03%, n= 79/229)
Fisher’s exact test, P<0.0001 for sox4 MO + ihhb MO; P= 0.1676 for sox4 MO + 2.0 ng/embryo
of shha MO; P=0.0001 for sox4 MO + 3.0 ng/embryo of shha MO. f, forebrain; tel,
telencephalon; di, diencephalon, hy, hypothalamus; mhb, midbrain-hindbrain boundary; n,
notochord.
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Figure S2.4. Upregulation of Hh signaling pathway genes in sox4 morphants. qPCR of
mRNA from control and sox4 morphant heads at 18 and 24 hpf. Relative transcript abundance
was normalized to levels of gapdh at 18 hpf and atp5h at 24 hpf. Y axis (log-scale) represents the
average ratio of normalized sox4 morphant to control expression (three biological replicates;
Student’s t-test, P<0.01).
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Since knockdown of Sox4 caused an elevation in ihhb expression and Hh signaling, we predicted
that overexpression of Sox4 would result in a corresponding reduction in Hh activity. We injected
in-vitro synthesized control or sox4a/b mRNA into wild type embryos, and scored the injected
embryos at 24 hpf for the presence of cyclopia, a phenotype associated with reduced Hh activity
from the midline (Ekker et al., 1995). Whereas only 0.78±1.34 % of embryos (n= 1/128) injected
with a control Td-Tomato mRNA exhibited cyclopia, we detected cyclopia in 36.54 ± 5.10% (n=
38/104) of the sox4 mRNA-injected embryos (Figure 2.7A-B). In addition, we found that the
cyclopic embryos often possessed a truncated body and U-shaped somites (Figure 2.7C-F), a
phenotype that is also observed with reductions in Hh signaling (Currie and Ingham, 1996;
Schauerte et al., 1998; Wolff et al., 2003). To confirm that the cyclopic phenotype was specific
for overexpression of sox4, we injected the same total amount of mRNA containing different
ratios of control Td-Tomato and sox4 mRNA. We observed that both the occurrence and severity
of cyclopia increased with increasing concentration of sox4 mRNA (Figure 2.7G), strongly
suggesting that the cyclopic phenotype was not an artifact of mRNA injection. qPCR performed
on mRNA prepared from the heads of injected embryos confirmed that ihhb expression was
reduced in the embryos overexpressing sox4 at 18 and 24 hpf, although the reduction was not
statistically significant at 24 hpf (Figure 2.7H; Student’s t-test, P= 0.0565). Surprisingly, although
sox4 knockdown did not affect the expression level of shha, sox4 overexpression significantly
reduced the expression of shha in the head. Taken together, these data suggest that sox4 can
negatively regulate the expression of both ihhb and shha, and that overexpression of sox4 causes
a reduction in midline Hh activity, leading to cyclopia.
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Figure 2.7. Overexpression of sox4 inhibits Hh ligand expression and causes cyclopia. (A-F)
Representative images of embryos injected with control tdTomato or sox4 mRNA. (A-B)
Representative images of the head were taken at 72 hpf from the ventral side. (C-F) Lateral views
of body showing the somites. Insets in (C) and (D) were enlarged in (E) and (F). (G)
Quantification of the percentage of cyclopia in embryos injected with different combinations of
control and sox4 mRNA. 1.0 ng/embryo Td-tomato: 0.76± 1.31%, n= 1/108; 0.2 ng sox4a/b + 0.6
ng Td-tomato/embryo: 9.35± 1.17%, n= 13/139; 0.3 ng sox4a/b + 0.4 ng Td-tomato/embryo:
17.03± 3.69%, n= 11/67; 0.4 ng sox4a/b + 0.2 ng Td-tomato/embryo: 25.56± 2.20%, n= 25/97.
(H) qPCR analysis of ihhb and shha expression in control and sox4 overexpressing heads at 18
and 24 hpf. In sox4 mRNA injected embryos, ihhb expression was significantly decreased by
1.61-fold at 18 hpf (Student’s t-test, P<0.05) and 1.51-fold at 24 hpf (Student’s t-test, P=0.057).
Shha expression was also significantly reduced following sox4 mRNA injection at both 18 and 24
hpf (by 1.82-fold and 3.57-fold, respectively; Student’s t-test, P<0.05).
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2.3.7 Bmp7 is a potential intermediate between sox4 and ihhb
Our results support the hypothesis that Sox4 is a negative regulator of ihhb expression. However,
SoxC transcription factors are known to act as transcriptional activators rather than repressors
(Bergsland et al., 2006; van de Wetering et al., 1993). Therefore, we hypothesized that Sox4
indirectly inhibits ihhb expression by activating an intermediate repressor. One candidate Hh
repressor is Bmp7. Bmp7 is known to modulate Hh signaling (both positively and negatively),
was previously shown to be significantly down-regulated in Sox11-deficient zebrafish and Sox11
null mice, and bmp7 mRNA can partially rescue coloboma in sox11 morphants (Bastida et al.,
2009; Duench and Franz-Odendaal, 2012; Manning et al., 2006; Pathi et al., 1999; Pillai-Kastoori
et al., 2014; Seki and Hata, 2004). Moreover, Bmp7 mutant mice display ocular malformations
such as microphthalmia and optic fissure defects (Morcillo et al., 2006). We performed qPCR for
bmp7b transcript levels in controls and sox4 morphants at 8, 10, 12, 18 and 24 hpf. This analysis
revealed that bmp7b expression was significantly downregulated at all time points in sox4
morphants (Figure 2.8A, Student’s t-test, P< 0.01). We then injected bmp7b mRNA along with
the sox4 MO and found that this partially rescued the coloboma phenotype of sox4 morphants
(Figure 2.8B, Student’s t-test, P< 0.01). These data suggest that Sox4 may negatively regulate
Ihhb at least in part through the activation of Bmp7b. We also analyzed the expression of four
additional regulators of Hh signaling: two Hh inhibitors (fgfr2 and kras), and two Hh activators
(lhx8 and nkx6.1; (Cai et al., 2000; Flandin et al., 2011; Mukhopadhyay et al., 2013). Fgfr2 was
downregulated in sox4 morphant heads at 18 hpf and lhx8 was upregulated in sox4 morphants at
12 hpf, suggesting that these genes may also function downstream of Sox4 and upstream of Hh
signaling during eye development (Figure S2.5, Student’s t-test, P<0.05).
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Figure 2.8. Bmp7b expression is reduced in sox4 morphants. (A) qPCR analysis revealed a
significant reduction in bmp7b expression in sox4 morphant embryos at 8, 10, 12 hpf and heads at
18 and 24 hpf (Student’s t-test, P<0.01). (B) bmp7b mRNA injection significantly reduced the
proportion of embryos with coloboma in sox4 morphants. Control MO only: 0.74± 1.28%, n=
1/110; sox4 MO only: 55.66± 8.32%, n= 59/106; sox4 MO+ bmp7b mRNA: 35.56± 10.02%, n=
29/80 (Student’s t-test, P< 0.05).
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Figure S2.5. Expression of Hh regulators in sox4 morphants. qPCR of mRNA from control
and sox4 morphant embryos at 12 hpf or heads at 18 hpf. Relative transcript abundance was
normalized to atp5h (three biological replicates; Student’s t-test, P<0.05).
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2.3.8 Sox4 and sox11 have overlapping functions in regulating choroid fissure closure
Our previous work demonstrated that Sox11-deficient zebrafish, similar to sox4 morphants,
exhibit ocular coloboma and elevated Hh signaling. Moreover, sox4 mRNA injection can
significantly reduce the incidence of coloboma in sox11 morphants (Pillai-Kastoori et al., 2014).
To further investigate the functional overlap between Sox4 and Sox11, we injected sox4 and
sox11 MOs, either alone or together, at half the usual dose. When a half-dose of sox4 MO was
injected, only 11.05± 3.15% (n= 16/145) of morphants exhibited coloboma at 48 hpf. Similarly,
when a half-dose of sox11 MO was injected, 22.31± 4.00% (n= 16/71) of the morphants exhibited
coloboma. However, co-injection of half-doses of sox4 and sox11 MOs together resulted in
72.47± 2.95% (n= 51/70) of embryos with coloboma (Figure 2.9A-H, 2.9I), suggesting that
knockdown of the two SoxC factors simultaneously produced a synergistic effect on the
coloboma phenotype. Furthermore, injection of sox11a/b mRNA into sox4 morphants
significantly suppressed the incidence of coloboma from 41.09±7.36% (n= 113/275) to 10.14±
3.09% (n= 28/276, Figure 2.9J). We did not detect abnormalities in lens development in sox4
morphants (Figure 2.9C, arrow). Moreover, the proportion of embryos with a malformed lens was
not increased by addition of the sox4 MO (data not shown). Taken together, these results indicate
that Sox4 and Sox11 have partially overlapping roles in regulating choroid fissure closure and can
functionally compensate for one another during ocular morphogenesis, but are not functionally
redundant with respect to lens development.
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Figure 2.9. Synergistic effect of sox4 and sox11 knockdown on coloboma. (A-H)
Representative images of embryos injected with control MO (A, E), a half-dose of sox4 MO (B,
F), a half-dose of sox11 MO (C, G), and half-doses of sox4 and sox11 MOs (D, H). (A, E) Half
the normal dose of sox4 MO caused a low incidence of mild coloboma. (C, G) Half the normal
dose of sox11 MO resulted in low incidence of coloboma and lens malformations at 24 hpf (C,
arrow). (D, H) Injection of a half-dose of both sox4 and sox11 MO significantly increased the
incidence of coloboma, and the coloboma phenotype was more severe compared to sox4 or sox11
morphants alone. (I) Quantification of the proportion of embryos with coloboma at 48 hpf (halfdose sox4 MO, 11.05± 3.15%, n= 16/145; half-dose sox11 MO, 22.31± 4.0%, n= 16/71; half-dose
of both sox4 and sox11 MO, 72.47± 2.95%, n= 51/70; Fisher’s exact test, P=0.0001). (J) Sox11
can compensate for the loss of Sox4. Injection of sox11 mRNA into sox4 morphants significantly
reduced the incidence of coloboma from 41.09±7.36% (n= 113/275) to 10.14± 3.09% (n= 28/276;
Fisher’s exact test, P<0.0001). All scale bars equal 100 µm.
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Table 2.1. Primer sequences used in Chapter 2.
Gene

Forward

Reverse

Usage

sox4a

AAACCTACCGCATGGTCATA

TCCATCTCCCCAGAATCAAT

probe

sox4b

GCGTGCTGTCAACGGGGAAGGATA

GTCTCGTGTCGAGCACCGGGAAA

probe

sox4a 5’
UTR
sox4b 5’
UTR
sox4a
coding
sox4b
coding
sox11a
coding
sox11b
coding
sox4a
CRISPR1
sox4a
CRISPR2
sox4b
CRISPR1
sox4b
CRISPR2
dr274

GAATTCGTTTCCACATTGACCAAAG

GGTACCGCACTACAACAGTCTCAACT

cloning

GAATTCCATAAAGCCCCGACA

GGTACCGTCAGCAGTCTGAGACT

cloning

TAGTGCATGGGCACAGACC

GCTGTCCTTTCATAACTAGCGC

CGCCATGCTCCAGAGATCCA

CCTCGGACGCGTGTATTCCT

ATGGTGCAGCAAACGGAC

CCTCTCTCCCGTGTGTGTT

ACATGGTGCAGCAGACGGA

ATGCCTCCTTGGTCATGGA

TAGGGCACAGACCTGGCTATGG

AAACCCATAGCCAGGTCTGTGC

overexpression
and rescue
overexpression
and rescue
overexpression
and rescue
overexpression
and rescue
gRNA synthesis

TAGGACGGGCTCGCGAGCGGAA

AAACTTCCGCTCGCGAGCCCGT

gRNA synthesis

TAGGGGTTGAGCTTTTCCCCGC

AAACGCGGGGAAAAGCTCAACC

gRNA synthesis

TAGGTCCCGGCTCCTTCTTGTG

AAACCACAAGAAGGAGCCGGGA

gRNA synthesis

TCCGCTCGCACCGCTAGCT

AGCACCGACTCGGTGCCAC

gRNA synthesis

sox4a
HRMA1
sox4a
HRMA2
sox4b
HRMA1
sox4b
HRMA2
atp5h

TTCAACGCGTCTAGCGCTGC

GAATCAATGGAGTCGCCGGG

HRMA

AGTCCCACCCTGAGCAGCTCG

GCCAGCTCGTCCTCGAACTCC

HRMA

ACGCCATGCTCCAGAGATCCA

CGATCTGCGACCACACCATGA

HRMA

CAAGCACATGGCGGATTACCC

TCTTCTCGGGGCTCTGCTTGA

HRMA

TGCCATCTCAGCAAAACTTG

CACAGGCTCAGGAACAGTCA

qPCR

gapdh

TGCTGGTATTGCTCTCAAC

GAGAATGGTCGCGTATCAA

qPCR

shha

CCAGGTTCGGCTCTGGTCTC

AGGTTTCCCGCGCTGCTG

qPCR

shhb

ACACATGCGAGAGCCTCAA

TGTGCCCATTTGTGGTTCTC

qPCR

ihhb

TCAAGTGGGTCAGTGTTTG

CAAGAGGTGAGCACATCGTT

qPCR

ptch1

GTGCCGGTAAATTCCTCTCA

CGCATAGGCAAGCATTAGCA

qPCR

ptch2

GAAACTATGGGTGGAAGCT

CACTTGAACTTTGCTAGCTG

qPCR

smo

AGTTTGGCCCCAGTGCAGT

GGGAAGGCTCCAGGTAGCAT

qPCR

gli1

AGCAGTGCGGATCTGATGC

TAGCTTCGGTCTCCACCTGG

qPCR

gli2a

TCCACACATGGAGCATTAC

TACTCTGAAGGGTTTGCTC

qPCR

gli2b

CCAGAAGGTGCAGTGACAC

CGTTACTCTCAGACGTGCTG

qPCR

gli3

GGAACACTGTTTGCCATGGA

TGATGGTACTGGCGAAGGTT

qPCR

pax2a

CGGCGACCTCAGTCGATTATC

TGCCATTCACAAACACCCCTC

qPCR

pax6a

ATGCTGAACGGTCAGACCGG

TTCTCACCGCCTCCGTCTGA

qPCR

bmp7b

GTGGGGATACTGTGCCTGGC

ACAGGATCTCCCGCTGCATC

qPCR

fgfr2

AGGCCTGCCAGCAAACGTCACTG

GTCCATCAGGACCATAGCGGCTG

qPCR

kras

CAGTACATGAGGACAGGAGAGGGCTT

TGAGCCTGCTTGGAGTCCACATT

qPCR

lhx8

CCAGTGTCATCACTGCAGTCGGC

TGGGCAGCTGTGTCATCGAGTG

qPCR

nkx6.1

TTATGTTAGCGGTGGGGCAA

GGTCCAGTGGAAGATAACGGGTA

qPCR
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2.4 Discussion
Although many genes have been identified that contribute to coloboma (Chang et al., 2006), the
molecular mechanisms of choroid fissure closure have not been completely elucidated. It has
been shown in animal models as well as in human patients that alterations in Hh signaling can
cause coloboma (Lee et al., 2012; Lee et al., 2008; Schimmenti et al., 2003; Take-uchi, 2003).
However, not much is known about how proper levels of Hh activity are maintained during eye
development. In this study, we demonstrated that successful choroid fissure closure requires the
activity of Sox4 to limit both the level and extent of expression of the Hh pathway ligand Ihh,
permitting proper proximo-distal patterning of the optic stalk and vesicle. Together with our
previous work demonstrating a role for Sox11 in controlling expression of Shh during ocular
development (Pillai-Kastoori et al., 2014), our studies firmly place the SoxC transcription factors
upstream of the Hh signaling pathway in the complex genetic network that regulates vertebrate
choroid fissure closure.

The involvement of both Sox4 and Ihh in choroid fissure closure is a novel result, but is
consistent with previous work demonstrating that related family members (Sox11 and Shh,
respectively) also participate in this process. Although coloboma was not reported in the Sox4
null mutant mouse (Cheung et al., 2000; Schilham et al., 1996), the early lethality of that model
likely precluded a thorough characterization of any ocular phenotypes. Coloboma was also not
reported in a conditional mouse mutant lacking Sox4 expression within the developing eye (Jiang
et al., 2013b). However, our cyclopamine rescue data suggest that the coloboma phenotype of
sox4 morphants is caused by disruption in early, midline-derived Hh signaling, likely due to loss
of sox4 expression in the forebrain and/or periocular mesenchyme (POM). Therefore, alterations
to Sox4 expression within the optic vesicle may not have been sufficient to cause coloboma.
Finally, 65% of patients with CHARGE syndrome, a genetic disorder characterized by coloboma
and cardiac abnormalities in addition to other birth defects, carry a mutation in CDH7 (Chang et
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al., 2006), which directly activates Sox4 and Sox11 (Feng et al., 2013). Therefore, it is possible
that altered expression of Sox4 (and/or Sox11) underlies the coloboma phenotype observed in
CHARGE syndrome patients.

Our data strongly suggest that knockdown of Sox4 results in an early elevation of midline-derived
Hh signaling, which ultimately results in defects in ocular morphogenesis and coloboma. How
might this occur? We observed that the expression of the optic stalk marker pax2a was
significantly expanded into the optic vesicle of sox4 morphants. As Hh signaling has a wellestablished role in specifying the optic stalk region through regulation of Pax2 expression, our
results suggest that the elevation in Hh signaling from the midline expands the region of the optic
vesicle that is fated to become optic stalk tissue. The decrease in bmp7b expression in sox4
morphants may also contribute to the defect in proximo-distal patterning of the optic stalk and
vesicle, as others have shown previously that Bmp7 is required prior to Hh signaling for proper
expression of Pax2 in the optic disk (Morcillo et al., 2006). In conjunction with (or as a result of)
reduced Bmp7 and expanded Pax2, we observed an increase in apoptosis in the optic stalk region
at 18 hpf. Therefore, we propose that misspecification of the optic vesicle cells as optic stalk
physically interferes with proper closure of the choroid fissure, resulting in coloboma, and that
the abnormally specified optic stalk cells ultimately die by apoptosis.

Although many studies in animal models and humans have demonstrated the critical role of Shh
in the morphogenesis and patterning of the developing eye (Amato et al., 2004), there are much
less data on the role of Ihh, which is better known for its function in regulating skeletal and
intestinal development (Kosinski et al., 2010; Seki and Hata, 2004; St-Jacques et al., 1999).
However, some previous studies are consistent with our finding that Ihh levels influence ocular
development. For example, overexpression of murine Ihh in zebrafish embryos caused expansion
of pax2 expression in the optic stalk (Hammerschmidt et al., 1996), and in the mouse, Ihh was
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shown to be required for proper development of the RPE and peri-ocular tissues (Dakubo et al.,
2008). Interestingly, although we observed a significant elevation (approximately 4-fold) of ihhb
expression at 8-12 hpf in sox4 morphants, this increase was even more pronounced at 18 and 24
hpf (approximately 15-fold). This suggests that ihhb is itself a target of Hh signaling, resulting in
a feedback loop of enhanced expression when Hh signaling is increased. A similar feedback loop
with respect to Hh signaling and shha expression has been observed previously (Pillai-Kastoori et
al., 2014), suggesting that this may be a general phenomenon of Hh signaling and Hh ligand
expression.

Similar to other studies of SoxC family members, our results indicate that Sox4 and Sox11 have
overlapping, but not completely redundant, functions in eye development. Thus, although sox4
and sox11 were able to compensate for each other when ectopically overexpressed, we observed
distinct differences in their knockdown phenotypes. First, although knockdown of either sox11 or
sox4 resulted in coloboma, abnormal lens development was only observed following knockdown
of sox11. Second, the penetrance of the coloboma phenotype was higher in Sox11-deficient
zebrafish than in Sox4-deficient zebrafish [~70% versus ~50%, respectively; this study and
(Pillai-Kastoori et al., 2014)]. And third, whereas both sox11 and sox4 morphants displayed
elevated Hh signaling, this occurred through increased expression of distinct Hh ligands (shha
and ihhb, respectively).

These phenotypic differences may be explained by the differing expression patterns of sox11 and
sox4. For example, whereas both sox4 and sox11 are expressed in the diencephalon adjacent to
the optic vesicle at 18 and 24 hpf, sox4 (but not sox11) is also expressed in the periocular
mesenchyme (POM). As the POM was previously shown to be a target of Ihh but not Shh signals
in the mouse eye (Dakubo et al., 2008), sox4 expression in the POM may function in a negative
feedback mechanism to limit the level or duration of Ihh signaling there. Similarly, sox11, (but
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not sox4) is expressed in the developing zebrafish lens, which may account for the unique lens
phenotype in sox11 morphants. Finally, the differing penetrance of the coloboma phenotype
between the two knockdown models may be due to differences in their transactivation properties,
as previous work has shown that Sox11 is a stronger transcriptional activator than Sox4 (Dy et al.,
2008).

Targeted disruption of Sox4 or Sox11 in the developing mouse retina results in a reduction in
retinal ganglion cell (RGC) number and optic nerve thickness (Jiang et al., 2013b). Although we
detected expression of both sox4 and sox11 in the zebrafish GCL during retinal development, we
did not observe a loss of ganglion cells in either sox4 or sox11 morphants (data not shown). It is
possible that we failed to detect an early delay in RGC differentiation due to the much shorter
window of retinal neurogenesis in the zebrafish compared with mouse (Cepko et al., 1996;
Stenkamp, 2007). Alternatively, it is possible that knockdown of both sox4 and sox11 is required
to alter RGC formation in the zebrafish.

Although we did not detect a loss of RGCs, we did observe ectopic cell proliferation in the GCL
of the sox4 morphant retina. This phenotype has been observed in other models of overactive Hh
signaling, such as zebrafish and mouse Ptch receptor mutants (Bibliowicz and Gross, 2011;
Moshiri and Reh, 2004), and is consistent with the known role of the Hh pathway in promoting
retinal progenitor cell proliferation. However, we also found that the total number of proliferating
cells was reduced in the retinas of sox4 morphants at 36 and 48 hpf, whereas it was elevated at 72
hpf. These seemingly contradictory results could be explained by alterations in the cell cycle
kinetics of RPCs, either via elevated Hh signaling [as described by (Locker et al., 2006)] or
through a Hh-independent role of Sox4 in regulating cell cycle exit. Alternatively, the ectopically
located proliferating cells in sox4 morphant retinas could indicate disruptions in the organization
of the retinal neuroepithelial cells. Finally, it is not clear whether the altered cell proliferation in
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the retina is due to loss of sox4 expression (and the subsequent elevation in Hh signaling) from
the midline, or from within the retina itself. Future studies may be able to separate the early and
later functions of Sox4 in eye development using photo-morpholinos or inducible transgenes to
control the timing of sox4 inactivation and rescue.

2.5 Materials and methods
2.5.1 Zebrafish strains and maintenance
All zebrafish (Danio rerio) strains were bred, raised, and maintained at 28.5° C on a 14 hour
light:10 hour dark cycle according to established protocols (Westerfield, 2000). The
Tg(gfap:GFP)mi2001 transgenic line (Bernardos et al., 2007), hereafter called gfap:GFP, was
obtained from the Zebrafish International Resource Center (ZIRC, Eugene, OR). The Tg(GBSptch2:nlsEGFP) transgenic line (Shen et al., 2013), hereafter called ptch2:EGFP, was kindly
provided by R. Karlstrom (University of Massachusetts, Amherst, MA). The
Tg(−7.2sox10:EGFP)zf77 transgenic line (Hoffman et al., 2007), hereafter called sox10:EGFP,
was generously provided by B.A. Link (Medical College of Wisconsin, Milwaukee, WI).
Embryos were staged according to established developmental hallmarks (Kimmel et al., 1995).
All animal procedures were carried out in accordance with guidelines established by the
University of Kentucky Institutional Animal Care and Use Committee.

2.5.2 Whole mount in situ hybridization (WISH) and fluorescent in situ hybridization (FISH)
Antisense RNA probes were prepared by in vitro transcription of linearized plasmids containing a
portion of the coding sequence of the gene of interest, using SP6, T7, or T3 polymerase and
digoxigenin (DIG) or fluorescein (FITC) labeling mix (Roche Applied Science, Indianapolis, IN).
The sox4a plasmid was prepared by cloning PCR products into the pGEM-T-easy vector
(Promega, Madison, WI). The sequences of all PCR primers used in this study are given in Table
2.1. The sox4b plasmid (Mavropoulos et al., 2005) was generously provided by Bernard Peers

82

(Université de Liège, Sart Tilman, Belgium). The ihhb plasmid (Chung et al., 2013) was
generously provided by H.C. Park (Korea University, Ansan, Gyeonggido, Republic of Korea).
The crx and pax6a plasmids (Ochocinska and Hitchcock, 2007; Shen and Raymond, 2004) were
kindly provided by Y.F. Leung (Purdue University, West Lafayette, IN). The pax2a plasmid (Lee
et al., 2008) was kindly provided by J.M. Gross (University of Texas, Austin, TX). WISH and
FISH were performed as previously described (Forbes-Osborne et al., 2013; Pillai-Kastoori et al.,
2014). Images were obtained on an inverted fluorescent microscope (Eclipse Ti-U; Nikon
Instruments).

2.5.3 Morpholino and mRNA microinjection
All morpholinos (MOs) were obtained from Gene Tools, LLC (Philomath, OR) and injected into
zebrafish embryos at the one- to two-cell stage. The following MOs were used in this study:
standard control MO: 5’-CCTCTTACCTCAGTTACAATTTATA-3’; sox4a MO1: 5’GCGCTAAGAGTCTTTCTTCTTCACT-3’; sox4b MO1: 5’ACGCGCCTTCAGTCGTGCTTAGTGC-3’; ihhb MO: 5’CGCCGCCGCCGTGGAGAGTCTCAT-3’ (Lewis et al., 2005); shha MO: 5’CAGCACTCTCGTCAAAAGCCGCATT-3’ (Nasevicius and Ekker, 2000). The specificity of
the sox4 morphant phenotypes was confirmed with a second, non-overlapping set of sox4
morpholinos (sox4a MO2: 5’-CAACAGTCTCAACTTTTAATTGCGC-3’; sox4b MO2: 5’GAGACTCAGTCTGATTGCAGCACAC-3’). Embryos were injected with 5.3 ng each of
sox4a MO1 and sox4b MO1, 10.5 ng each of sox4a MO2 and sox4b MO2, or 10.5 ng of standard
control MO. Both sox4 MO1 and MO2 generated similar phenotypes. Unless stated otherwise, all
data presented in this study were from embryos injected with sox4a MO1 and sox4b MO1. A p53
morpholino (Robu et al., 2007) was co-injected (at 1.5-fold the amount of sox4 MOs) to suppress
cell death (p53 MO 5’- GCGCCATTGCTTTGCAAGAATTG-3’).
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To determine the efficiency of the sox4 MOs, PCR fragments corresponding to the 5’ UTRs of
sox4a and sox4b mRNA and containing the sox4a MO and sox4b MO target sequence,
respectively, were amplified and cloned upstream and in frame with the GFP gene in the
pEF1α:GFP plasmid (Addgene, Cambridge, MA). One-cell stage zebrafish embryos were
injected with 50 pg/embryo of pEF1α-sox4a MO:GFP and 50 pg/embryo of pEF1α-sox4b
MO:GFP plasmids in the presence or absence of sox4a MO1 and/or sox4b MO1. GFP expression
in injected embryos was analyzed by fluorescence microscopy at 24 hpf.

For mRNA rescue and overexpression experiments, the zebrafish sox4a/b and sox11a/b coding
sequences (lacking the MO target sites) were PCR amplified from 48 hpf complimentary DNA
(cDNA) and cloned into the pGEM-T-easy vector (Promega, Madison, WI). The capped mRNAs
were synthesized with the mMessage mMACHINE transcription kit (Life Technologies,
Carlsbad, CA) according to the manufacturer’s instructions. Control Td-tomato mRNA was
synthesized from pRSET-B-td-Tomato (kindly provided by D.A. Harrison, University of
Kentucky, Lexington, KY). For mRNA rescue experiments, 0.5 ng/embryo of sox4a and sox4b
mRNA or 1.0 ng/embryo of sox11a and sox11b mRNA was co-injected with the sox4a/b MOs.
For mRNA overexpression experiments, 0.5 ng/embryo of sox4a and sox4b mRNA or an
equimolar amount of Td-tomato mRNA was injected into wild type embryos. Alternatively, a
total of 1 ng of mRNA containing different ratios of control Td-Tomato and sox4 mRNA was
injected. Bmp7b mRNA was synthesized from a pCRII-bmp7b plasmid (a kind gift from Dr. S.
Fabrizio, The Novartis Institutes for Biomedical Research, Cambridge, MA). 1.0 ng/embryo of
bmp7b mRNA was injected into sox4 morphants.

2.5.4 CRISPR sgRNA and Cas9 mRNA synthesis and injection
Sox4a and sox4b CRISPR target sites were identified and the corresponding sgRNA oligos were
designed using the ZiFiT online software (www.zifit.partners.org/ZiFiT/; Table 2.1). Oligo pairs
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(100µM) for each sgRNA were mixed with NEBuffer4 (New England Biolabs, lpswich, MA),
incubated in boiling water for 5 minutes, followed by 2 hours annealing at room temperature, and
then ligated with linearized pDR274 vector (Addgene, Cambridge, MA) at 16ºC overnight.
Recombinant plasmid was digested with DraI to drop out the sgRNA template, followed by PCR
amplification (Table 2.1) using the KOD Hot Start Master Mix (Millipore, Billerica, MA) and
purification using QIAquick PCR Purification Kit (Qiagen, Valencia, CA). sgRNA was generated
using the MEGAscript T7 Transcription Kit (Life Technologies, Carlsbad, CA). To prepare the
tyr sgRNA, pT7tyrgRNA (Addgene, Cambridge, MA) was linearized with BamHI and sgRNA
was synthesized using MEGAscript T7 Transcription Kit (Life Technologies). To generate the
Cas9 mRNA, pCS2-nCas9n plasmid (Addgene, Cambridge, MA) was linearized with NotI and
capped Cas9 mRNA was synthesized using the mMESSAGE mMACHINE SP6 Transcription
Kit (Life Technologies). To confirm the quality of sgRNA and Cas9 mRNA, RNA was mixed
with formamide, heated at 72ºC for 5 minutes and run on a 1% (wt/vol) agarose gel. The
following sgRNA and Cas9 mRNA doses were microinjected into embryos at the one-cell stage:
100 pg/embryo of sox4a or sox4b sgRNA + 200 pg/embryo of Cas9 mRNA; 50 pg/embryo of tyr
sgRNA + 150 pg/embryo of Cas9 mRNA.

2.5.5 HRMA analysis
To isolate genomic DNA from uninjected or sgRNA/Cas9 injected individual embryos, 24 hpf
dechorionated embryos were placed into individual wells of a 96-well plate containing 20 µl of
1X ThermoPol Buffer (New England Biolabs, lpswich, MA). The plate was placed in a PCR
cycler at 95ºC for 10 minutes, after which 5 µl of 10 mg/ml Proteinase K (Sigma, St. Louis, MO)
was added to each well and the plate was incubated at 55ºC for 1 hour and 95ºC for 10 minutes.
HRMA analysis was performed on a LightCycler 96 Real-Time PCR System (Roche,
Indianapolis, IN) using LightCycler 480 High Resolution Melting Master (Roche), following the
manufacturer’s instructions. Primer sequences used for HRMA are listed in Table 2.1.
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2.5.6 Immunohistochemistry and TUNEL assay
Immunohistochemistry was performed on cryosections or whole zebrafish embryos as previously
described (Fadool, 2003a; Forbes-Osborne et al., 2013). Images were obtained on an inverted
fluorescent microscope (Eclipse Ti-U; Nikon Instruments) using the 20X objective. The
following primary antibodies and dilutions were used: anti-PCNA (mouse, 1:100, Santa Cruz
Biotechnology, Dallas, Texas), which labels cells in G1/S phase; anti-PH3 (rabbit, 1:500,
Millipore, Billerica, MA), which labels cells in G2/M phase; anti-Zn-8 (mouse, 1:10, ZIRC,
Eugene, OR), which labels ganglion cells; anti-Prox1 (rabbit, 1:1000, Acris, San Diego, CA),
which recognizes horizontal cells; anti-PKCα (rabbit, 1:100, Santa Cruz Biotechnology, Dallas,
Texas), which labels bipolar cells. Alexa fluor-conjugated secondary antibodies (Invitrogen,
Grand Island, NY) and Cy-conjugated secondary antibodies (Jackson ImmunoResearch, West
Grove, PA) were all used at a dilution of 1:200. Sections were counterstained with DAPI
(1:10,000, Sigma, St. Louis, MO) to visualize cell nuclei. For laminin immunostaining, 48 and 72
hpf zebrafish embryos were hybridized with anti-laminin (mouse, 1:60, Sigma, St. Louis, MO),
and imaged on a laser scanning confocal microscope (Leica TCS SP5). TUNEL assay was
performed on retinal cryosections using the ApopTag Fluorescein Direct In Situ Apoptosis
Detection Kit (Millipore, Billerica, MA) according to the manufacturer’s instructions.

2.5.7 Real-time quantitative RT-PCR
Total RNA was extracted from the whole body of control and sox4 morphant embryos at 8, 10,
and 12 hpf or the heads of control and sox4 morphant embryos, or TdTomato and sox4 mRNA
injected embryos, at 18 and 24 hpf using TRIzol reagent (Invitrogen, Grand Island, NY). RNA
was reverse-transcribed using the GoScript Reverse Transcriptase System (Promega, Madison,
WI). Real time PCR was performed using Maxima SYBR Green qPCR master mix (Thermo
Scientific, Waltham, MA) on an iCycler iQ Real Time PCR Detection system (Bio-Rad,
Hercules, CA), or using FastStart Essential DNA Green Master (Roche, Indianapolis, IN) on a
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LightCycler 96 Real-Time PCR System (Roche, Indianapolis, IN). For all experiments, three
biological replicates were analyzed, and relative transcript abundance was normalized to
expression of the housekeeping genes gapdh or atp5h.

2.5.8 Cyclopamine treatments
Cyclopamine (Sigma, St. Louis, MO) was resuspended at 1mM in 100% ethanol and diluted with
fish water to a final concentration of 0.2 µM. For vehicle controls, 0.2% ethanol in fish water was
used. Embryos injected with standard control MO or sox4 MOs were exposed to cyclopamine or
ethanol from 5.5 to 13 hpf and then placed into fresh fish water until 24 hpf.
2.5.9 SDS PAGE and western blots
Protein was extracted from pools of 80-100 24 hpf control and sox4 morphant heads. Protein
concentrations were measured using the Pierce BCA Protein Assay Kit (Thermo Scientific,
Waltham, MA). Ten μg of total protein per sample was diluted 1:1 with Laemmli buffer and 2.5%
β-mercaptoethanol, boiled for 10 minutes, and then separated by SDS-PAGE on 10%
polyacrylamide gels. Resolved proteins were transferred to nitrocellulose membranes and blocked
in 1X TBS/0.05% TWEEN/5% BSA for 1 hour at room temperature prior to incubation with
either anti-IHH antibody (rabbit polyclonal, 1:800, Sigma, St. Louis, MO), or anti-β-Actin (rabbit
polyclonal, 1:2000, Abcam, Cambridge, MA) as a loading control. The IHH antibody immunogen
sequence partially overlaps with zebrafish Ihha, Ihhb and Shhb protein sequences. Membranes
were washed and incubated in goat anti-rabbit-peroxidase secondary antibody (1:3000, Sigma, St.
Louis, MO). Blots were developed using the Pierce ECL Western Blotting Substrate (Thermo
Scientific, Waltham, MA) according to the manufacturer’s instructions.
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2.5.10 Statistical analyses
Significance was calculated using a two-tailed Student’s t-test or Fisher’s exact test, with P<0.05
being considered significant. For all graphs, data are represented as the mean ± the standard
deviation (s.d.).
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3.1 Abstract
Morpholino-mediated gene knockdown demonstrated that Sox4 regulates ocular morphogenesis
through inhibition of Hh signaling. To investigate the long-term consequences of loss of Sox4
activity, we generated targeted mutations in sox4a and sox4b gene loci using CRISPR/Cas9
genome editing system. Sox4a and sox4b mutant lines and sox4a/b double mutant lines were
successfully generated. Sox4aC2 maternal zygotic (MZ) mutant that results in a frame-shift and
premature termination codon upstream of the sox4a transactivation domain exhibits
microphthalmia/coloboma, tail curvature, and heart edema. It also has an increase in the
expression of Hh signaling pathway genes ihhb and ptch2, and a reduction in the expression of
bmp4. Taken together, sox4 CRISPR mutant lines provided us useful tools to further analyze the
requirement of sox4 during ocular development and regeneration, and the negative regulatory
relationship between Sox4 and Hh signaling pathway was supported.

3.2 Introduction
Morpholino-mediated gene knockdown is a quick and efficient method in generating loss-offunction phenotypes. However, due to fast cell proliferation in developing zebrafish embryos, the
89

efficiency of morpholino can reduce significantly by 4 dpf, hindering further analysis during later
developmental stages as well as during adult retina neurogenesis. In addition, because sox4a and
sox4b are single exon genes, morpholino interference with splicing is not applicable. The
morpholinos we designed are translation-blocking morpholinos, which inhibit the translation of
both maternal and zygotic sox4a and sox4b mRNA. As a result, we cannot separate the
requirement and function of maternal from zygotic sox4. Furthermore, the non-specific activation
of p53-mediated apoptosis and potential for off-target effects are drawing researchers’
preferences away from using morpholinos. To overcome the disadvantages of using morpholino
mediated-gene knockdown, it is necessary to explore the requirement of sox4 in a genetic null
mutant. The early embryonic lethality of Sox4-/- null mice prior to retinal neurogenesis greatly
reduces its value for studying retinal development. Together with the lack of an animal model
with proper conditional Sox4 knockout in the eye, it would be very beneficial to generate a Sox4
mutant in zebrafish.

A number of precise genome editing tools have been developed in recent years, including zincfinger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) (Bill et al.,
2009; Dahlem et al., 2012; Ekker, 2008; Hruscha et al., 2013; Huang et al., 2012; Hwang et al.,
2013; Jao et al., 2013; Nasevicius and Ekker, 2000). Using these technologies, double strand
breaks (DSB) can be generated in a target gene, which stimulates error-prone non-homologous
end joining (NHEJ) repair. ZFNs and TALENs are based on DNA-protein interaction by
engineering nucleases to recognize specific DNA sequences. Both of them can efficiently modify
genes in zebrafish, but they do have limitations such as target sequences that are difficult to
design, extended production time, and high costs. The recently emerged CRISPR/Cas system is
more versatile for zebrafish genome editing applications due to its ease in identifying target
sequences guided by RNA instead of protein, quicker production times, low costs, and relatively
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higher efficiency in genome editing even at multiple loci simultaneously (Blackburn et al., 2013;
Hwang et al., 2013; Jao et al., 2013; Talbot and Amacher, 2014).

3.2.1 CRISPR/Cas adaptive immunity
Bacteria and archaea are the most abundant organisms on earth. In order to survive various
genetic invasions from viruses and foreign plasmids, they have evolved an adaptive immune
mechanism mediated by the CRISPR/Cas system. Present in most prokaryotic genomes (Sorek et
al., 2008), the CRISPR/Cas system is composed of a series of repeat-spacer-repeat sequences and
independent genes coding for different types of Cas proteins. Previously known as short-sequence
DNA repeat (SSR), the repetitive sequence was first described from the Escherichia coli genome
in 1987 as an array of 29 base pair (bp) nucleotide repeats with spacer sequences in between
(Ishino et al., 1987). It was named CRISPR in 2002 by Jansen (Jansen et al., 2002), whose group
also identified the presence of Cas genes adjacent to the CRISPR loci. The spacer sequences are
now known to be derived from invading exogenous DNA and integrated into the host genome
(Barrangou et al., 2007; Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005). It is now
well known that CRISPR/Cas mediated immunity is accomplished in three steps. First is the
adaptation stage. A short invading virus or plasmid sequence with a protospacer adjacent motif
(PAM) is recognized and inserted into the host’s CRISPR locus through the activity of Cas1 and
Cas2 proteins (Brouns et al., 2008; Garneau et al., 2010; Mojica et al., 2009). The second stage is
expression. The CRISPR locus is transcribed into a long primary CRISPR RNA (pre-crRNA)
through an AT-rich leader sequence located at the 5’ end, which serves as a promoter (Jansen et
al., 2002; Pul et al., 2010). It is then processed into CRISPR-derived RNAs (crRNAs) by
endoribonuclease activity from either a single Cas protein or CRISPR associated complex for
antiviral defense (Cascade). The third stage is interference. Each crRNA contains a spacer
sequence complementary to the protospacer of the foreign DNA. It recognizes and binds to the
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target, and recruits Cas proteins to cleave and silence the foreign sequence by endonuclease
activity (Jinek et al., 2012).

Based on the phylogenetic relationships of Cas proteins and functional analysis including
differences in protein complex composition, pre-crRNA processing, and target cleavage
mechanisms during the three stages, CRISPR/Cas systems are classified into three types
(Makarova et al., 2011). Cas1 and Cas2 proteins are associated with the insertion of a new spacer
sequence into the CRISPR locus, and are present in all three types of the CRISPR/Cas system.
For the adaptation stage, type I and type II, but not type III, require PAM for spacer recognition
(Mojica et al., 2009). PAM sequence varies corresponding to different CRISPR types (Mojica et
al., 2009). A typical PAM sequence for the type II CRISPR/Cas system is NGG. For the
transcription stage, type I pre-crRNA is processed by the Cascade complex, while type II precrRNA is complementarily bound by a trans-activating crRNA (tracrRNA) and cleaved by
RNaseIII in the presence of Cas9 (Deltcheva et al., 2011). Type III pre-crRNA is processed by
Cas6 and then passed to two types of protein complexes, Csm or Cmr (Rouillon et al., 2013;
Staals et al., 2013). For the interference stage, type I crRNA remains a complex with Cascade
proteins to recognize target sequences, and triggers their cleavage by Cas3 activity. Type II
system target recognition and cleavage is facilitated by the Cas9-tracrRNA:crRNA complex
(Jinek et al., 2012). Cas9 protein is a dual RNA-guided endonuclease, which has two catalytic
domains homologous to the RuvC and HNH endonuclease. Each domain cuts one strand of the
target DNA (Jinek et al., 2012). The type III system can be divided into two subtypes: IIIA and
IIIB. crRNA in IIIA is bound by the Csm complex and recognizes DNA as a target (Marraffini
and Sontheimer, 2008), while in IIIB subtype, crRNA binds to the Cmr complex and recognizes
RNA as a target (Hale et al., 2009).

3.2.2 Application of CRISPR/Cas9 system in zebrafish genome editing
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The type II CRISPR/Cas system has been broadly utilized for genome editing as it only requires a
single Cas9 protein for pre-rRNA maturation and target cleavage, while type I and type III
CRISPR/Cas systems require multiple Cas protein complexes. The most well studied type II
CRISPR/Cas is the CRISPR/Cas9 system from Streptococcus pyogenes (Jinek et al., 2012),
which has been reported to successfully edit the genome in yeast, nematodes, fruit flies, zebrafish,
and plants (Bao et al., 2015; Bassett et al., 2013; Friedland et al., 2013; Hwang et al., 2013; Jiang
et al., 2013a). The prokaryotic CRISPR/Cas9 has been modified in order to function efficiently in
eukaryotic cells. A nuclear localization signal (NLS) such as SV40 NLS is added to either the C
terminus or both sides of the Streptococcus pyogenes Cas9 gene (SpCas9) allowing it to enter the
eukaryotic cell nucleus (Cong et al., 2013; Hwang et al., 2013; Mali et al., 2013). In addition, in
order to increase the efficiency of SpCas9 translation in-vitro in mammalian and human cell lines
or in-vivo in zebrafish embryos, the natural SpCas9 sequence is codon-optimized to those that are
preferred by humans or zebrafish (Cong et al., 2013; Gonzales and Yeh, 2014; Hwang et al.,
2013; Mali et al., 2013). As described previously, tracrRNA:crRNA duplex is required for proper
genome editing. In order to simplify the synthesis and delivery of the tracrRNA:crRNA duplex,
an alternative single strand guide RNA (sgRNA) has been designed. It contains the target
sequence followed by another sequence that mimics the hairpin secondary structure in the
tracrRNA:crRNA duplex and shows similar genome targeting and editing abilities (Hwang et al.,
2013; Jinek et al., 2012). Zebrafish optimized plasmids for in-vitro generation of Cas9 mRNA
and sgRNA are commercially available (http://www.addgene.org/CRISPR/).

Several CRISPR/Cas9 mediated genome editing strategies have been utilized in zebrafish. The
most common way to disrupt target gene function is to introduce indel mutations (insertion or
deletion) by NHEJ, which may result in a frameshift of the downstream sequence and abolish
target gene function. The efficiency of frameshift mutation varies depending on the nature of
target sequence and gene function. If a linearized donor DNA fragment is provided, it may be
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integrated into the target locus by homology-independent insertion (Auer et al., 2014). To
facilitate a precise predetermined mutation, such as a point mutation or an insertion of a small tag
into the gene locus, donor DNA containing homology arms flanking the sequence in the form of
either single stranded oligonucleotides (ssODNs) or linearized plasmid DNA can be inserted into
the gene locus by homologous recombination (Hisano et al., 2015). If two sgRNAs targeting the
same chromosome are delivered simultaneously, a large fragment of chromosome between the
two sgRNA may be deleted (Ota et al., 2014). Two sgRNAs targeting different chromosomes that
lead to chromosomal translocation have been reported in mouse, human cell culture, and C.
elegans (Blasco et al., 2014; Chen et al., 2015b; Lagutina et al., 2015; Torres et al., 2014), but has
not yet been successfully generated in zebrafish (Ota et al., 2014).

In this study, the sox4a and sox4b loci were disrupted using the CRISPR/Cas9 system. They were
each targeted with two different sgRNA molecules recognizing distinct sites within the coding
region of sox4a and sox4b. These mutant zebrafish lines permit us to not only confirm the sox4
morphant phenotypes but also to determine the requirement for sox4 during adult neurogenesis as
well as under injury and regeneration conditions.

3.3 Results
3.3.1 Generating sox4a and sox4b mutant lines using CRISPR/Cas9 system
3.3.1.1 Single strand guide RNA (sgRNA) design
As described previously, Sox4 proteins have two critical domains, the DNA-binding HMG
domain and the transactivation TAD domain. To generate mutant alleles with disruption of the
coding sequence for these two domains, two sgRNA molecules (sox4a C1 and C2) were designed
to target sox4a and another two sgRNAs (sox4b C1 and C2) were designed to target sox4b
(Figure 3.1). C1 sgRNAs contain a customized sequence that targets upstream of the HMG
domain while C2 sgRNAs contain target sequence between the HMG domain and the TAD. The
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experimental design was as follows: C1 injection will possibly lead to frameshift and interruption
of both HMG and TAD domains; C2 injection will interrupt the coding of the TAD domain while
the HMG domain is intact; C1+C2 injection will result in a genomic DNA deletion between C1
and C2 loci, interrupting both HMG and TAD domains. Although it might have a similar effect as
C1 injection, C1 and C2 coinjection bypasses the possibility of an alternative translation start site
that might rescue a frameshift mutation caused by C1 alone.
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Figure 3.1. Schematic representation of sox4 genes and their CRISPR target sites. (A) sox4a
C1 sgRNA targets 5’ of the sox4a HMG domain on the forward strand. Sox4a C2 sgRNA targets
between the HMG and TAD domain on the forward strand. (B) Sox4b C1 sgRNA targets 5’ of the
sox4b HMG domain on the forward strand. Sox4b C2 sgRNA targets between the HMG and TAD
domain on the reverse strand. sgRNA, single strand guide RNA; C, CRISPR. Sequences in grey,
CRISPR target sequences; sequences in bold, PAM sites.
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3.3.1.2 Sox4a and sox4b gene disruption in F0 sgRNA and Cas9 mRNA injected zebrafish
All four sgRNA molecules and the Cas9 mRNA were in-vitro transcribed. sgRNA C1 and C2
were either individually or simultaneously injected with Cas9 mRNA into F0 embryos at the 1cell stage. A concentration of 300 pg/embryo Cas9 mRNA and 100 pg/embryo sgRNA was used
to generate a high percentage of mutagenesis without interrupting normal embryonic
development. If genome editing occurs, a F0 injected embryo will be a mosaic of cells containing
sox4 WT alleles or mutant alleles. Genomic DNA from individual uninjected control (UIC)
embryos and injected F0s was extracted and regions encompassing the C1 or C2 locus were PCR
amplified with primers listed in Table 2.1. Mutagenesis was analyzed by high resolution melting
analysis (HRMA), since the PCR product from injected mosaic mutant embryo will form
heteroduplex DNA that melts at a lower temperature compared to UIC homoduplex DNA (Figure
3.2A-D). For C1+C2 injected F0s, mutagenesis was simply detected by PCR amplification of the
whole coding region following electrophoresis to determine whether smaller than expected
amplicons were produced due to genomic deletion (Figure 3.2E, F). The rate of successful
mutagenesis ranged from 50% to 92% in the F0 injected embryos, as shown by HRMA (data not
shown). Various mutant alleles for sox4a and sox4b generated in the F0 embryos were detected
by HRMA or PCR and confirmed by Sanger sequencing (Figure 3.2).
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Figure 3.2. Mutagenesis in F0 sgRNA/Cas9 injected embryos. (A, B) HRMA analysis detected
the presence of mutant alleles in individual sox4a C1 sgRNA/Cas9 and C2 sgRNA/Cas9 injected
embryos, which were confirmed by sequencing. The net base pair changes of each indel mutation
was noted at the right of each sequence (+, insertion; –, deletion). (C) Electrophoresis of sox4a
whole coding region PCR product revealed genomic deletion in sox4a C1+C2 sgRNA/Cas9
injected embryos. Six individual embryos were showed here. Individual 1, 2, 4, and 6 were WT,
while individual 3 and 5 contain mutant allele that was shorter than the WT allele. (D, E) HRMA
analysis detected the presence of mutant alleles in individual sox4b C1 sgRNA/Cas9 and C2
sgRNA/Cas9 injected embryos, which were confirmed by sequencing. The net base pair changes
of each indel mutation was noted at the right of each sequence (+, insertion; –, deletion). (F)
Electrophoresis of sox4b whole coding region PCR product revealed genomic deletion was
detected in sox4b C1+C2 sgRNA/Cas9 injected embryos. Six individual embryos were showed
here. Individual 1, 2, and 4 were WT, while individual 3, 5, and 6 contain mutant allele that was
shorter than the WT allele. UIC, uninjected control; arrows, mutant allele HRMA melting curve;
sub, substitution; C, CRISPR; sequences in blue, sgRNA target sites; sequences in red, mutations.
98

3.3.1.3 Establishment of stable sox4a and sox4b mutant lines
To establish stable sox4a and sox4b mutant lines, F0s were raised to adulthood and screened for

germline transmission by out-crossing with WT adult zebrafish. F1 embryos were screened
for the inheritance of sox4 mutant alleles using HRMA. Once the F1 embryos of a F0 founder
were confirmed to carry a mutant allele, more F1 embryos, which were a mixed population of
WT and different types of heterozygous mutants, were raised to adulthood. To identify
heterozygous individuals, these F1s were tail clipped for genomic DNA extraction and the
sgRNA target sites were PCR amplified and sequenced. F1s that were confirmed to be
heterozygous for an inherited frameshift mutant allele were kept for further out-crossing with
WT to generate F2s. F2s were incrossed to generate F3s from which homozygous mutant fish
were identified by sequencing or RFLP analysis (if a restriction enzyme recognition site was
introduced or destroyed by the mutation). The strategy of this three-generation crossing is
summarized in Figure 3.3. Once sox4a and sox4b mutant lines were established, they were
crossed with each other to generate a sox4a/b double mutant.
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Figure 3.3. Schematic flowchart for generating homozygous mutant using CRISPR/Cas9
system. sgRNAs and the Cas9 mRNA were microinjected into fertilized zebrafish embryos (F0)
at the one-cell stage. F0s were raised to adulthood and screened for germline transmissions by
outcrossing with WT. F1s were screened for inheritance of sox4 mutant allele using HRMA and
sequencing. F1 heterozygous mutants were raised to adulthood and outcrossed with WT to
generate F2s. F2s were incrossed to generate F3s, of which 25% were expected to be
homozygous mutant for sox4. Different mutant alleles were color coded.

100

3.3.1.4 Identification of sox4 mutants: molecular defect and predicted effect on mRNA and
protein
Three sox4a mutant lines (sox4aC1, sox4aC2, sox4aC1+C2) and three sox4b mutant lines
(sox4bC2.1, sox4bC2.2, sox4bC1+C2) were established. Details of mutant DNA sequences and
the corresponding protein sequences are listed in Figure 3.4. Two sox4a/b double mutant lines
were generated by crossing sox4aC1 with sox4bC2.1 and sox4aC2 with sox4bC2.2, respectively.
The sox4aC1 mutant allele has a 10 base pair (bp) deletion around the PAM site and a 3 bp
insertion downstream of the target site, resulting in a frame-shift and premature termination
codon upstream of the HMG domain. This mutant mRNA is expected to be translated into 31
amino acids compared to 363 amino acids in WT. This truncated protein has only the first 5
amino acids identical to WT and lacks both the HMG and TAD domain (Figure 3.4A, 3.4B).

The sox4aC2 mutant allele has 1 bp insertion and 7 bp substitutions, changing from the WT
sequence 5’-CGGAAAGGA-3’ to the mutant sequence 5’-GAAGACGCGG-3’. This change in
genomic sequence results in a frame-shift and premature termination codon upstream of the sox4a
transactivation domain. The mutant mRNA is expected to be translated into a truncated protein
lacking the TAD domain, with only 292 amino acids compared to 363 amino acids in WT (Figure
3.4A, 3.4B). The first 255 amino acids are identical to WT.

The sox4aC1+C2 mutant allele was generated by simultaneous injection of C1and C2
sgRNAs/Cas9. C1 and C2 sgRNA target sites are 724 bp apart. The mutant allele has the first 427
bp deleted and the last 297 bp inverted, resulting in a premature termination codon upstream of
the HMG domain. This mutant mRNA is expected to be translated into 68 amino acids compared
to 363 amino acids in WT. This truncated protein has only the first 6 amino acids identical to WT
and lacks both the HMG and TAD domain (Figure 3.4A, 3.4B).
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The sox4bC2.1 mutant allele has a 2 bp deletion at the PAM site, resulting in a frame-shift and
premature termination codon upstream of the sox4b TAD domain. This mutant mRNA is
expected to be translated into a truncated protein lacking the TAD domain while the HMG
domain is intact. The total length of this mutant Sox4b protein is 169 amino acids compared to
342 amino acids in WT, and the first 156 amino acids are identical to WT (Figure 3.4C, 3.4D).

The sox4bC2.2 mutant allele has a 4 bp deletion around the PAM site, resulting in a frame-shift
and premature termination codon upstream of the sox4b TAD domain. This mutant mRNA is
expected to be translated into 316 amino acids compared to 342 amino acids in WT, lacking the
TAD domain while the HMG domain is intact (Figure 3.4C, 3.4D). The first 155 amino acids are
identical to WT.

The sox4bC1+C2 mutant allele was generated by simultaneous injection of C1+C2 sgRNA/Cas9.
C1 and C2 sgRNA target sites are 307 bp apart. The mutant allele has a 407 bp deletion, resulting
in a premature termination codon upstream of the HMG domain. This mutant mRNA is expected
to be translated into 128 amino acids compared to 342 amino acids in WT. This truncated protein
has the first 51 amino acids identical to WT and lacks both the HMG and TAD domain (Figure
3.4C, 3.4D).

The generation and screening of sox4aC1+C2 and sox4bC1+C2 F3 -/- lines are still in progress.
So we were not able to characterize the phenotypes of maternal zygotic (MZ) mutants from these
two lines yet.

Among the four sox4 single mutant lines, we observed a variety of developmental defects in
sox4aC2 MZ mutants, including ocular microphthalmia/coloboma. A detailed characterization of
the mutant phenotypes is described in section 3.3.2.
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Surprisingly, no obvious morphological defects in the eye or elsewhere were found in the
sox4aC1 MZ mutant embryos (data not shown). This may be due to one of several possibilities: a)
an alternative translation start codon may be present in the mutant allele, which generates another
mutant protein that is truncated at the N terminus but retains the functional domains of Sox4a.
Indeed, the sox4aC1 mutant allele has genomic disruption very early (immediately after the
codon of the 5th amino acid) and an alternative in-frame translation start codon is present at the
32nd amino acid, which is upstream of the HMG domain. This may result in the translation of a
mutant Sox4a protein that retains both the HMG and TAD domain and retains protein function; b)
the presence of Sox4b may compensate for the loss of Sox4a function in sox4aC1 MZ mutants.
This is possible, but we think a complete functional redundancy is unlikely, as defects were
observed in sox4aC2 MZ mutants.

In addition, no obvious morphological defects were observed in either sox4bC2.1 or sox4bC2.2
MZ mutants. Both lines have genomic disruption downstream of the HMG domain coding region.
As a result, it is unlikely that an alternative translation start site will generate another functional
Sox4b protein. Then why do the mutant embryos look normal? It is possible that a) compared to
Sox4a, Sox4b is unnecessary for embryonic development. We do not favor this explanation
because sox4b morpholino injection generated an even higher percentage of embryos with ocular
coloboma compared to a sox4a morpholino injection (Figure S2.2); b) the presence of Sox4a
compensates for the loss of Sox4b in these mutants. We have detected a mild increase of sox4a
expression by RT-PCR and qPCR in sox4b C2.1 mutant embryos at 24 hpf (data not shown),
which suggests there might be an upregulation of sox4a in sox4b mutants that could compensate
for Sox4b function.

The establishment of homozygous sox4aC1; sox4bC2.1 and sox4aC2; sox4bC2.2 double mutant
lines should allow us to analyze whether a loss of both sox4a and sox4b will cause a more severe
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phenotype than single mutants alone. However, sox4aC1; sox4bC2.1 MZ mutant embryos did not
exhibit any obvious morphological defects. This was not totally unexpected, since, as described
above, we suspect that the sox4aC1 mutation might be rescued by an alternative translation start
site downstream of the sox4aC1 target site. For the other double mutant line (sox4aC2;
sox4bC2.2) only one female and one male homozygous adult fish have been recovered to date.
Unfortunately, although they are both sexually mature, they have not yet generated any viable
offspring from incrosses. They have been out-crossed with WT fish on a weekly basis, but the
female always generates a majority of unfertilized or nonviable eggs (with occasionally very few
fertilized ones, n=8/224) and the male has not successfully mated with any WT females yet.
These data may suggest that sox4a/b double mutants have defects in gametogenesis or their
progeny die very early in development prior to the gastrula stage; more adult double mutants
must be generated and tested to determine whether this is indeed the case.
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Figure 3.4. Schematic representation of sox4 mutants’ genomic DNA loci and predicted
protein sequences. (A) Genomic DNA sequence of sox4a in WT and three established sox4a
mutant lines: C1, C2, and C1+C2. (B) Sox4a WT protein sequence and predicted mutant protein
sequences based on genomic DNA sequence. Numbers represent the number of amino acids. (C)
Genomic DNA sequence of sox4b in WT and three established sox4b mutant lines: C2.1, C2.2,
and C1+C2. (D) Sox4b WT protein sequence and predicted mutant protein sequences based on
genomic DNA sequence. Numbers represent the number of amino acids. Sequences in grey
represent identical sequences; sequences in blue were sgRNA target sites; sequences in red were
mutations. bp, base pair; inv, inversion; del, deletion.
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3.3.2 Characterization of sox4aC2 MZ mutant phenotype
Since the sox4aC2 MZ mutant line was the first established and has the most obvious
developmental defects, I mainly focused on characterizing the mutant phenotypes of this line.

3.3.2.1 Sox4a mRNA was significantly reduced in sox4aC2 MZ mutants
To determine whether the sox4aC2 mutant allele affected sox4a mRNA transcription, RT-PCR
and quantitative real-time PCR were performed on cDNAs reverse transcribed from 24 hpf
sox4aC2 MZ mutant embryo total RNA. The housekeeping gene gapdh and two other sox genes
(sox4b and sox11b) were also amplified as controls. Interestingly, while all the control genes
displyed no change in expression between WT and sox4aC2 mutants, sox4a transcripts were
significantly reduced in sox4aC2 MZ mutants (Figure 3.5). It was only weakly detected in RTPCR and almost undetectable in qPCR. This observation suggests that there might be a nonsensemediated mRNA decay (NMD) of sox4a in sox4aC2 MZ mutants. Although not tested, we
assume that due to the significant reduction of sox4a mRNA, the levels of mutant Sox4a protein
were also greatly reduced or absent.
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Figure 3.5. Sox4a mRNA was significantly reduced in sox4aC2 MZ mutants. (A)
Electrophoresis of sox4a, sox4b, sox11b, and gapdh RT-PCR products for WT and sox4aC2 MZ
mutant embryos at 24 hpf. (B) sox4a, sox4b and sox11b qPCR of mRNA from WT and sox4aC2
MZ mutants at 24 hpf. Relative transcript abundance was normalized to level of gapdh. Y axis
represents the average ratio of mutant to WT expression (three biological replicates; Student’s ttest, P<0.01).
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3.3.2.2 High percentage of sox4aC2 MZ mutant eggs were unfertilized due to loss of maternal
sox4a
We noticed that approximately 50% of sox4aC2 MZ embryos were dead by 24 hpf. To determine
whether this was due to embryonic lethality or unfertilized eggs, we took light microscopy
images of those embryos at 4 hpf during the blastula stage. For WT embryos at 4 hpf, the sphere
of cells were well organized at the animal pole of the fertilized egg (Figure 3.6A). Very few eggs
were unfertilized in WT crosses (3.6%, n=2/56). In contrast, approximately 40%-60% of eggs
were unfertilized in sox4aC2 homozygous mutant incrosses. Unfertilized eggs did not have a
distinguishable blastodisc and the animal pole lacked clearly defined cells (Figure 3.6A). The
blastodisc surface of the unfertilized egg was always uneven and bubbles were often observed
inside and on top of the animal pole (Figure 3.6A). Sox4a and sox4b were both expressed
maternally, as detected by RT-PCR at 3 hpf in the fertilized egg during blastulation stage (Figure
S3.1). To determine whether the unfertilized eggs were caused by defects in oogenesis or
spermatogenesis, homozygous and heterozygous sox4aC2 females and males were crossed with
each other or with WT fish and the percentage of unfertilized eggs from each cross was recorded
(Figure 3.6B). We found two interesting phenomena: 1) No matter what was the genotype of the
male, as long as the female was a homozygous mutant, the resulting cross always had higher rate
of unfertilized eggs (first three crosses shown in Figure 3.6B); 2) When the progeny had the same
zygotic genotype (as shown in figure 3.6B cross 2 and 6, cross 3 and 5), maternal loss of sox4a
resulted in higher rate of infertility. Based on these observations, we conclude that the loss of
sox4a in female fish causes defects in oogenesis that lead to a high rate of unfertilized eggs.

In addition, we observed a reduced sex ratio of females to males in the progeny of sox4aC2 MZ
in-crosses from approximately 1:1 to 1:9. It is possible that Sox4a is required for female survival,
such that not all female embryos survive to adulthood, or Sox4a may be involved in female sex
determination such that loss of Sox4a results in a biased differentiation to male.
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Figure S3.1. Maternal expression of sox4a and sox4b in 3 hpf WT embryos. RT-PCR
performed on pooled 3 hpf WT embryos (n=50). Two biological repeats were shown. gapdh was
used as a housekeeping control.

109

Figure 3.6 Maternal loss of sox4a causes high rate of unfertilized eggs. (A) Representative
images of fertilized WT and sox4aC2 MZ embryos and unfertilized sox4aC2 MZ embryo at 4 hpf.
The blastodisc is on the dorsal side of the embryo. (B) The percentage of unfertilized eggs was
calculated from six different types of crosses (data of each type of cross was collected from three
biological replicates). The maternal and zygotic genotype and the parental genotypes are labeled
beneath each column. Crosses that represent loss of maternal sox4 are highlighted in the red
rectangle (cross 1-3). Two pairs of reciprocal crosses (cross 3 and 5, 2 and 6) are indicated with
red lines. Mix, a mixed population of +/+, +/-, and -/-; question mark, either + or -.
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3.3.2.3 Developmental defects in sox4aC2 MZ mutant embryos
The morphology of surviving sox4aC2 MZ mutant embryos was observed and recorded from 24
to 72 hpf. About 20-30% of mutant embryos exhibit apparent developmental defects, including a
short and twisting tail, and thin anterior neural tissue at 24 hpf (Figure 3.7A, 3.7B). By 72 hpf,
these defective embryos display varying severity of tail truncation and curvature, heart edema,
and microphthalmia (Figure 3.7C-H). A small portion of these embryos also have coloboma and
hypopigmentation in the ventral eye (Figure 3.7H), which were identical to the sox4a/b morphant
phenotypes. Although the incidence of coloboma in the sox4aC2 MZ mutants (< 10%) was much
lower than that of the sox4 morphants (~50%) (Wen et al., 2015), this may be due to the presence
of wild type sox4b transcripts that compensate for the loss of sox4a (Figure 3.5).

The tail curvature, pericardial edema and microphthalmia/coloboma phenotypes were highly
correlated with the maternal loss of sox4a, since very few embryos were observed with these
defects in homozygous progenies generated from heterozygous incrosses (Figure 3.7I, cross 6) or
from a heterozygous female crossed with a homozygous male (Figure 3.7I, cross5). Nevertheless,
comparison among progenies from crosses of homozygous sox4aC2 female fish with
homozygous, heterozygous, and WT males revealed that zygotic loss of sox4a also contributed to
the mutant phenotypes (Figure 3.7, cross1, 2, and 3). We observed the highest incidence of
mutant phenotypes when both maternal and zygotic sox4a were mutated.
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Figure 3.7. 20%-30% sox4aC2 MZ mutants exhibit tail curvature, heart edema, and
microphthalmia/coloboma. Representative images of WT embryos (A, C, E, G) and sox4aC2
MZ embryos (B, D, F, H). A minimum of 5 embryos were imaged for each group. A and B show
embryos at 24 hpf. C-H show embryos at 72 hpf. Arrow in F indicates the tail curvature in the
mutant; arrows in H indicate the microphthalmia/coloboma and hypopigmentation in the mutant
eye and the mutant heart edema. (I) The percentage of mutant phenotypes was quantified from six
different types of crosses (data for each type of cross was collected from three biological replicate
crosses). The maternal and zygotic genotype and the parental genotypes are labeled beneath each
column. Scale bars for the insets in B-C’’ equal 500 µm.
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3.3.2.4 Microphthalmia is observed in 70% of sox4aC2 MZ mutants
Although approximately 70% of sox4aC2 MZ mutant embryos were grossly comparable to WT
with respect to morphology and no obvious developmental defects were observed, we noticed a
significant reduction in eye size in sox4aC2 MZ mutant embryos at 5 dpf (Figure 3.8C, 3.8D). To
determine whether this eye size reduction was due to an overall decrease in body size, we
measured the ratio of eye size to body length in WT and sox4aC2 MZ mutants. This analysis
demonstrated that whereas the average body length of sox4aC2 mutants was similar to WT, the
eye size of sox4aC2 MZ mutants was significantly reduced.
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Figure 3.8. 70% sox4aC2 MZ embryos exhibit microphthalmia. WT embryos at 5 dpf (A, C)
were compared with sox4aC2 MZ embryos at 5 dpf (B, D). (E) Box plot of WT and mutant eye
size at 5 dpf. Mutant embryos display a significantly smaller eye size. (F) Box plot of WT and
mutant body length from nose to tail tip at 5 dpf. Mutant and WT body length were comparable.
(G) Ratio of eye size to body length. Mutant eyes were significantly smaller than WT even after
normalized over body length. 20 larvae were measured for WT and mutant. Student’s t-test,
p<0.05. Blue lines, mean value.
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3.3.2.5 Sox4aC2 MZ mutant embryos display increased cell death
Sox4 is required for neuronal and mesenchymal tissue survival (Bhattaram et al., 2010; Jiang et
al., 2013b; Thein et al., 2010). To determine whether the sox4aC2 mutant allele affected cell
survival during development, 24 hpf WT and sox4aC2 MZ mutant embryos were stained with
acridine orange (AO). A few dead cells were observed in the WT embryo at this time point, in the
developing lens and sporadically scattered along the neural tube (Figure 3.9A, 3.9B arrow).
However, we observed a significantly increased number of AO positive cells in the mutant
around the brain and periocular tissue (Figure 3.9D, 3.9E). To further examine whether sox4aC2
mutant allele affects cell survival at later stages in the retina, age matched WT and sox4aC2 MZ
mutants were collected at 5 dpf, 2 weeks, and 4 weeks, cryosectioned and immunolabeled with an
antibody against activated-Caspase 3, which labels apoptotic cells. Very few Caspase 3-positive
cells were observed in either WT or mutant retinas, and no significant differences were seen in
any of the age groups (Figure 3.9C, 3.9F, 3.9G, student’s t-test, p<0.05).

To test if the increase in cell death observed at 24 hpf in sox4aC2 mutant embryos was
contributed by p53-mediated apoptosis, we injected a p53 morpholino into the sox4aC2 MZ
mutant embryos. However, it failed to rescue cell death in the mutant embryos (data not shown),
suggesting cell death in the mutants might be mediated through a different mechanism. This also
provided a possible explanation why we did not observe many activated-Caspase 3 positive cells
in mutants. However, since we did not examine the number of activated-Caspase 3 positive cells
at time points earlier than 5 dpf, we cannot rule out the possibility that there might be more
apoptotic cells in the mutant eye at earlier stages.
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Figure 3.9. Sox4aC2 MZ mutant embryos display increased cell death. (A, B)WT 24 hpf
embryos were stained with acridine orange (AO). A few AO positive cells were observed in lens
(white arrow in B) and scattered along the body. n=10. (C) Activated-Caspase 3 positive cells
(yellow) were observed in WT 5 dpf retina. n=6 (D, E) Sox4aC2 MZ 24 hpf embryos were
stained with AO. Increased AO positive cells were observed in the brain and periocular tissues.
n=10. (F) Activated-Caspase 3 positive cells (yellow) were observed in sox4aC2 MZ 5 dpf retina.
n=7. (G) Quantification of activated-Caspase 3 positive cells in WT and sox4aC2 MZ mutants at
5 dpf, 2 weeks, and 4 weeks. Student’s t-test, p<0.05.
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3.3.2.6 Hh and BMP signaling are altered in sox4aC2 MZ mutants
Previously, we reported a significant upregulation of Hh signaling in sox4 morphants, due to an
increased expression of indian hedgehog b (ihhb) (Wen et al., 2015). To determine whether Hh
signaling was also elevated in the sox4aC2 MZ mutants, we compared the expression of several
Hh signaling genes in WT and mutants at 24 hpf by qPCR. Based on the morphology, mutant
embryos were divided into normal and abnormal groups and RNAs were extracted separately
from the two groups. We examined the expression level of two Hh ligands (shha and ihhb), and
two Hh receptors (ptch1 and ptch2). Intriguingly, we detected a significant upregulation of ihhb
(~ 2-fold) and ptch2 (~18-fold) expression in the abnormal sox4aC2 MZ embryos, consistent with
the elevation of Hh signaling in sox4 morphants (Figure 3.10A, student’s t-test, p< 0.01).
However, in the morphologically normal mutants, none of the examined Hh genes were
significantly increased, suggesting that the normal looking mutant individuals may somehow
avoid Hh elevation by other regulatory mechanisms.

Bmp signaling is able to modulate Hh signaling and was reduced in sox4 morphants (Wen et al.,
2015). Interestingly, the tail curvature phenotype in sox4aC2 MZ mutant embryos was very
similar to several zebrafish Bmp mutants, such as snailhouse (bmp7), swirl (bmp2), and piggytail
(smad5) (Dick et al., 2000; Kramer et al., 2002; Schmid et al., 2000). To test whether Bmp
signaling was altered in sox4aC2 MZ mutants, we analyzed the expression of three Bmp ligands
(bmp4, bmp7a, and bmp7b) and three downstream molecules (smad1, smad5, and smad9) in WT
and sox4aC2 MZ mutants by qPCR. Again, analysis was performed separately on mutants that
were morphologically normal or abnormal. We found a significant downregulation of bmp4 in the
abnormal mutants at 24 hpf (Figure 3.10B, student’s t-test, p< 0.01). In addition, most of the
analyzed bmp genes were decreased in both normal and abnormal mutants, although the
difference was not significant due to high variability (Figure 3.10B). The downregulation of
bmp4 in the mutants was confirmed by WISH at 6 and 24 hpf (Figure 3.11). At 6 hpf, bmp4 was
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strongly expressed in the ventral region and prechordal plate of the WT embryos (Figure 3.11C);
in contrast, in the mutant embryos bmp4 expression was greatly (Figure 3.11D). At 24 hpf in WT
embryos, bmp4 expression in the eye was observed in a patch of retinal cells dorsal to the lens
(Figure 3.11E, 3.11G, black arrow); this expression was absent in a subset of mutants (n=3/10,
Figure 3.11F, 3.11H, black arrow). Interestingly, bmp4 expression in the olfactory placode was
not affected in those mutant embryos (Figure 3.11G, 3.11H, white arrow). Bmp4 was also
expressed in the tail of 24 hpf WT embryos (Figure 3.11I, dashed line). Normal mutant
individuals exhibited comparable bmp4 expression in the tail (Figure 3.11J, dashed line).
However, in mutants with tail curvature, the bmp4 expression pattern was altered, being mostly
constricted to the ventral part, and appeared to have a higher expression intensity (Figure 3.11K,
dashed line).

In summary, the elevation of Hh signaling and downregulation of Bmp signaling in sox4aC2 MZ
mutants was consistent with what we have observed in sox4 morphants.
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Figure 3.10. Upregulation of Hh signaling pathway genes and downregulation of Bmp
signaling pathway genes in sox4aC2 MZ mutants. qPCR of mRNA from WT and sox4aC2 MZ
mutant embryos at 24 hpf. Relative transcript abundance was normalized to levels of gapdh. Y
axis (log-scale) represents the average ratio of normalized sox4aC2 MZ to WT expression (two
biological replicates; Student’s t-test, P<0.01).
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Figure 3.11. Bmp4 was downregulated in sox4aC2 MZ mutants. Bmp4 expression in WT and
sox4aC2 MZ mutants was detected by WISH at 6 hpf (C-D) and 24 hpf (E-K). For each time
point, at least 10 embryos were analyzed. (A, B) Control gapdh expression was not changed in
WT (A) and mutant (B) embryos at 6 hpf. (C, D) Bmp4 expression was at a much lower level in
mutant (D) compared to WT (C). (E, F) Lateral view of 24 hpf embryos demonstrated the
expression of bmp4 in WT dorsal retina (E, arrow), which was absent in mutants (F, arrow). (G,
H) Dorsal view of the 24 hpf embryo heads demonstrated expression of bmp4 in WT dorsal retina
(G, black arrow), which was absent in mutants (H, black arrow). Bmp4 expression in the olfactory
placode was not affected (G and H, white arrows). (I-K) Lateral view of the tail showed bmp4
expression in the tail fin in WT (I, dashed line) and normal sox4aC2 MZ (J, dashed line) embryos
at 24 hpf. Bmp4 expression in the mutant with tail curvature showed an incomplete expression
pattern (K, dashed line).
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3.4 Discussion
CRISPR/Cas9 genome editing tool is a revolutionary technique that allows targeted genome
editing in a large variety of model organisms. In this study, we successfully applied the
CRISPR/Cas9 genome editing system to generate sox4a and sox4b mutant zebrafish lines for the
first time. The efficiency of mutagenesis in F0s was as high as 92%, and through the process of
founder fish screening, we also observed a high rate of germ line transmission ranging from 75%
(3 in 4 fish) to 100% (2 in 2 fish). This robust targeted genome editing allowed us to generate six
sox4 single mutant lines and two sox4a/b double mutant lines in a time period of 16 months. We
were able to target each sox4 gene with a single sgRNA molecule or two sgRNA molecules
simultaneously. All the single mutant lines were fertile and were able to stably pass the mutant
allele to the next generation, providing us a valuable opportunity to study the function of Sox4a
and Sox4b during embryonic ocular development and adult ocular regeneration.
Similar to Sox4-deficient embryos generated by morpholino injection, coloboma was also
observed in the sox4aC2 MZ mutants, and in agreement with our previous hypothesis that the
ocular defects were contributed by elevation in Hh signaling, altered Hh and Bmp signaling were
observed in sox4aC2 MZ mutants as well, indicating a) the morphant phenotypes were true
phenotypes of Sox4 deficiency; b) loss of sox4a alone is sufficient to affect ocular morphogenesis
and Hh signaling. We have noticed that although the phenotypes of sox4 morphants and sox4aC2
mutants were similar, the incidence of coloboma was much lower in the mutants and the
upregulation of ihhb in mutants was not as high as in morphants. A possible explanation is that
the morphants are deficient in both sox4a and sox4b, but the sox4aC2 MZ mutant still has a
functional Sox4b. Due to overlapping spatiotemporal expression and functional redundancy, the
presence of Sox4b may partially compensate for the loss of Sox4a, resulting in the milder ocular
phenotype in sox4aC2 mutants.
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In sox4 morphants, we carefully controlled the morpholino dosage to produce ocular defects with
minimal systematic abnormality to reduce the chance of off-target phenotypes. Although
pericardial edema was occasionally observed in sox4 morphants, we did not analyze its
correlation with Sox4-deficiency (Wen et al., 2015). In the sox4aC2 MZ mutant, heart edema was
observed in a significant number of embryos by 72 hpf (~30%), indicating that sox4a is required
for proper heart development. This is in agreement with studies in mice, which have shown that
Sox4 is essential for heart development. Sox4 null mice die from circulatory failure at embryonic
day 14 (E14) due to defects in endocardial ridge development, which prevents proper formation
of the semilunar valves (Schilham et al., 1996).
The sox4aC2 mutant phenotype also supports our hypothesis that Sox4 is required for periocular
and ocular tissue survival. Similar to what we have observed in sox4 morphants, we detected a
significant increase in cell death in sox4aC2 mutants at early developmental stages when sox4 is
highly expressed in the periocular tissues. Sox4 is closely associated with the regulation of
apoptosis, although its exact role is controversial. On the one hand, Sox4 acts as a pro-apoptotic
factor in many cancer cells. A glycine-rich region in human SOX4, named CD, is identified as a
pro-apoptotic domain to induce apoptosis (Hur et al., 2004). In response to DNA damage in many
cancer cells, Sox4 expression is upregulated and it stabilizes p53 protein by blocking Mdm2mediated p53 ubiquitination and degradation; hence Sox4 promotes p53-mediated apoptosis in
DNA damage response (DDR)-associated cancers (Pan et al., 2009). In addition, Sox4 also
promotes apoptosis by inducing PUMA-mediated apoptosis in a p53-independent fashion (Jang et
al., 2013). On the other hand, Sox4 can promote cell survival in some other types of cancer cells.
Reduced expression of Sox4 in adenoid cystic carcinoma (ACC) cells leads to an increase in
apoptosis (Pramoonjago et al., 2006). Sox4 overexpression in hepatocellular carcinoma (HCC)
cells represses the expression of p53-mediated pro-apoptotic gene Bax and inhibits apoptosis (Hur
et al., 2010). During normal embryonic development, Sox4 also acts as a cell survival factor, such
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that reduced Sox4 expression results in increased cell death in the developing spinal cord, retina,
and pro-B cells (Cizelsky et al., 2013; Sun et al., 2013; Thein et al., 2010).
A novel sox4aC2 mutant phenotype that we observed is the reduced percentage of fertilization
from eggs produced by homozygous females. We also observed a reduced number of adult
female sox4aC2 MZ homozygous mutant fish compared to male homozygous mutant fish. In
addition, sox4aC2; sox4bC2.2 double mutant females produced a significant number of nonviable
eggs and the double mutant male was not able to stimulate spawning behavior from females. We
cannot rule out that these phenomena are special individual cases that are not relevant to the loss
of sox4a and/or sox4b. However, it still draws our attention to the possibility that Sox4 might
affect the differentiation and maturation of female reproductive tissues in zebrafish.
Although it is not clear what role Sox4 plays in the development of reproductive tissues, it has
been reported to be strongly expressed in mouse ovary, mammary glands and uterus at pubertal
and adult stages (Hunt and Clarke, 1999; van de Wetering et al., 1993), and in human breast cells
that are normal or malignant (Graham et al., 1999). Its expression is positively regulated by
progesterone and inhibited by estrogen (Graham et al., 1999; Hunt and Clarke, 1999). The control
of sox4 expression by sex hormones suggests changes in sox4 expression may be involved in
reproductive tissue development during different stages of the estrus cycle. A mouse Sox4 mutant
allele with flox sites in the 5’ and 3’ UTR causes a significant reduction in the number of female
Sox4 flox/flox mice compared with male Sox4 flox/flox mice, suggesting a disruption of Sox4 may
affect female survival or sex determination (Wiles et al., 2014). In teleosts, sox4 expression in
reproductive tissues has not been reported. However, sox3, sox8b and sox9b are expressed in the
oocytes of sea bream (Zapater et al., 2013) and sox24 (which also belongs to the SoxC family) is
expressed in the oocytes of rainbow trout (Kanda et al., 1998). In zebrafish, sox4b is expressed in
the developing pituitary and is required for the differentiation of gonadotrope cells by inducing
the expression of a zinc finger transcription factor gata2 (Quiroz et al., 2012). Gonadotrope cells
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in the anterior pituitary are endocrine cells that secret gonadotrophins such as follicle stimulating
hormone (FSH) and luteinizing hormone (LH). As a result, sox4 loss of function mutations may
affect female reproductive tissue development and maturation.
It seems that the unfertilized egg phenotype was highly correlated with maternal loss of sox4a
while the microphthalmia/coloboma, tail curvature, and heart edema phenotypes were contributed
by both the maternal and zygotic loss of sox4a. It is highly likely that maternal expression of sox4
is required for both proper oogenesis in female fish and for proper ocular development in
fertilized zebrafish embryos (Figure 3.12). Based on the fact that not all eggs from sox4aC2
homozygous females were unfertilized, and not all sox4aC2 MZ mutants exhibit mutant
phenotypes, it is reasonable to hypothesize that the maternal loss of sox4a in the surviving
embryos may be compensated for by other genes (e.g. sox4b and/or sox11) or through alterations
in cell signaling. If the requirement for sox4a in oogenesis and ocular morphogenesis share
overlapping mechanisms, is it possible that those embryos that bypassed the defects in oogenesis
may also exhibit milder or no ocular defect phenotypes.
In the future, we can separate the effects of maternal loss of sox4 and zygotic loss of sox4 by
generating tissue-specific sox4 mutant zebrafish lines. Successful tissue-specific knockout using
CRISPR/Cas9 system has been reported in zebrafish (Ablain et al., 2015). One challenge of this
strategy is to choose an appropriate promoter to drive Cas9 expression, which can knockout sox4
spatiotemporally in the correct tissue and during the critical time period in the eye. As we have
reported previously, sox4a and sox4b are expressed in multiple regions in the anterior of the
embryo, including the forebrain, the diencephalon, and different retinal cells during retinal
neurogenesis (Wen et al., 2015). To knock out sox4 in the entire embryonic eye field, one
candidate promoter to drive Cas9 expression is the promoter of the rx3 gene. Rx3 is one of the
earliest eye field markers that regulate eye field specification and it is expressed in the eye field
as early as the 70% epiboly stage during gastrulation, when eye field segregation is initiated
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(Stigloher et al., 2006). However, Cas9 expression driven by the rx3 promoter cannot affect sox4
expression in the forebrain and the diencephalon since rx3 is not expressed in these tissues. In
addition, sox4a is also expressed in the periocular mesenchymal tissues around the eye and
adjacent to the optic stalk (Wen et al., 2015). To knock out sox4 expression in the periocular cells,
a mesenchymal cell promoter such as sox10 may be appropriate (Hoffman et al., 2007).
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Table 3.1. Primer sequences used in Chapter 3.
Gene

Forward

Reverse

Usage

sox4aC1

TAGGGCACAGACCTGGCTATGG

AAACCCATAGCCAGGTCTGTGC

sgRNA synthesis

sox4aC2

TAGGACGGGCTCGCGAGCGGAA

AAACTTCCGCTCGCGAGCCCGT

sgRNA synthesis

sox4bC1

TAGGCTGGTGCAAAACCGCCAG

AAACCTGGCGGTTTTGCACCAG

sgRNA synthesis

sox4bC2

TAGGTCCCGGCTCCTTCTTGTG

AAACCACAAGAAGGAGCCGGGA

sgRNA synthesis

dr274

TCCGCTCGCACCGCTAGCT

AGCACCGACTCGGTGCCAC

sgRNA synthesis

sox4a HRMA1

TTCAACGCGTCTAGCGCTGC

GAATCAATGGAGTCGCCGGG

HRMA

sox4a HRMA2

AGTCCCACCCTGAGCAGCTCG

GCCAGCTCGTCCTCGAACTCC

HRMA

sox4b HRMA1

ACGCCATGCTCCAGAGATCCA

CGATCTGCGACCACACCATGA

HRMA

sox4b HRMA2

CAAGCACATGGCGGATTACCC

TCTTCTCGGGGCTCTGCTTGA

HRMA

gapdh

TGCTGGTATTGCTCTCAAC

GAGAATGGTCGCGTATCAA

qPCR

shha

CCAGGTTCGGCTCTGGTCTC

AGGTTTCCCGCGCTGCTG

qPCR

ihhb

TCAAGTGGGTCAGTGTTTG

CAAGAGGTGAGCACATCGTT

qPCR

ptch1

GTGCCGGTAAATTCCTCTCA

CGCATAGGCAAGCATTAGCA

qPCR

ptch2

GAAACTATGGGTGGAAGCT

CACTTGAACTTTGCTAGCTG

qPCR

bmp4

GAGACGCCTCTGCGATTCGTT

GATGCAAACCATGGTCCCCTG

qPCR

bmp7a

TGGCTTGTGGTTGCAGTGTGC

TCTGCGCTCCTGGCTCTTCA

qPCR

bmp7b

GTGGGGATACTGTGCCTGGC

ACAGGATCTCCCGCTGCATC

qPCR

smad1

AAACTCTCCATGCTGCCACGC

GAAGGGCATTTGCTGGCTGC

qPCR

smad5

CAGCAGTGGCACATACCCCAA

CCGTCTTGCCCCATCTGTTCA

qPCR

smad9

ACCCATATCATTACCGCCGCG

TGGCATTTTGGGGCATCAGAG

qPCR
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3.5 Materials and methods
3.5.1 Zebrafish strains and maintenance
All zebrafish (Danio rerio) strains were bred, raised, and maintained at 28.5° C on a 14 hour
light:10 hour dark cycle according to established protocols (Westerfield, 2000). The Tg
(XlRho:EGFP)fl1 transgenic line (hereafter referred to as XOPS:GFP) was a generous gift from
J.M. Fadool (Florida State University, Tallahassee, FL) and has been previously described
(Fadool, 2003b). Embryos were staged according to established developmental hallmarks
(Kimmel et al., 1995). All animal procedures were carried out in accordance with guidelines
established by the University of Kentucky Institutional Animal Care and Use Committee.

3.5.2 sgRNA and Cas9 mRNA synthesis and injection
Sox4a and sox4b CRISPR target sites were identified and the corresponding sgRNA oligos were
designed using the ZiFiT online software (www.zifit.partners.org/ZiFiT/; Table 3.1). Oligo pairs
(100µM) for each sgRNA were mixed with NEBuffer4 (New England Biolabs, Ipswich, MA),
incubated in boiling water for 5 minutes, followed by 2 hours annealing at room temperature, and
then ligated with linearized pDR274 vector (Addgene, Cambridge, MA) at 16ºC overnight.
Recombinant plasmid was digested with DraI to drop out the sgRNA template, followed by PCR
amplification (Table 3.1) using the KOD Hot Start Master Mix (Millipore, Billerica, MA) and
purification using QIAquick PCR Purification Kit (Qiagen, Valencia, CA). sgRNA was generated
using the MEGAscript T7 Transcription Kit (Life Technologies, Carlsbad, CA). To prepare the
tyr sgRNA, pT7tyrgRNA (Addgene, Cambridge, MA) was linearized with BamHI and sgRNA
was synthesized using MEGAscript T7 Transcription Kit (Life Technologies). To generate the
Cas9 mRNA, pCS2-nCas9n or pTST3-nCas9n plasmid (Addgene, Cambridge, MA) was
linearized with NotI or XbaI respectively, and capped Cas9 mRNA was synthesized using the
mMESSAGE mMACHINE SP6 or T3 Transcription Kit respectively (Life Technologies). To
confirm the quality of sgRNA and Cas9 mRNA, RNA was mixed with formamide, heated at
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72ºC for 5 minutes and run on a 1% (wt/vol) agarose gel. The following sgRNA and Cas9 mRNA
doses were microinjected into embryos at the one-cell stage: 100 pg/embryo of sox4a or sox4b
sgRNA + 300 pg/embryo of Cas9 mRNA; 50 pg/embryo of tyr sgRNA + 150 pg/embryo of Cas9
mRNA.

3.5.3 Genomic DNA extraction
To isolate genomic DNA from embryos, 24 hpf dechorionated embryos were placed into
individual wells of a 96-well plate containing 20 µl of 1X ThermoPol Buffer (New England
Biolabs, Ipswich, MA). To extract genomic DNA from adult zebrafish, tail fins were cut using a
razor blade and placed into individual wells of a 96-well plate containing 20 µl of 1X ThermoPol
Buffer (New England Biolabs, Ipswich, MA). The plate was placed in a PCR cycler at 95ºC for
10 minutes, after which 5 µl of 10 mg/ml Proteinase K (Sigma, St. Louis, MO) was added to each
well and the plate was incubated at 55ºC for 1 hour and 95ºC for 10 minutes.

3.5.4 HRMA analysis
HRMA analysis was performed on a LightCycler 96 Real-Time PCR System (Roche,
Indianapolis, IN) using LightCycler 480 High Resolution Melting Master (Roche), following the
manufacturer’s instructions. Primer sequences used for HRMA are listed in Table 3.1.

3.5.5 Sanger sequencing
CRISPR target sites were amplified from embryo or adult tail genomic DNA. Purified PCR
products were either sequenced directly or cloned into pGEM®-T Easy Vector (Promega,
Madison, WI). Samples were sequenced bi-directionally using the same primers used in the PCR
reaction. Sequencing results were analyzed using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo).
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3.5.6 Restriction Fragment Length Polymorphism (RFLP)
The sox4aC1 mutant allele contains mutations that destroy the BstNI recognition site in the WT
allele. The sox4aC2 mutant allele contains mutations that destroy the BsrBI recognition site in the
WT allele. These regions were PCR amplified and digested with BstNI or BsrBI (NEB, Ipswich,
MA) respectively. Products were resolved with 2% agarose gel electrophoresis and visualized
with EtBr staining.

3.5.7 Reverse transcript PCR and real-time quantitative RT-PCR
Total RNA was extracted from the whole body of WT or mutant embryos at 24 hpf using TRIzol
reagent (Invitrogen, Grand Island, NY). RNA was reverse-transcribed using the GoScript Reverse
Transcriptase System (Promega, Madison, WI). PCR was performed using Taq DNA polymerase
with thermoPol buffer (NEB, Ipswich, MA). Real time PCR was performed using FastStart
Essential DNA Green Master (Roche, Indianapolis, IN) on a LightCycler 96 Real-Time PCR
System (Roche, Indianapolis, IN). For all experiments, three biological replicates were analyzed,
and relative transcript abundance was normalized to expression of the housekeeping gene gapdh.
Primers used for this experiment were listed in Table 3.1.

3.5.8 Acridine orange staining
Twenty four hpf WT and mutant embryos were incubated in the dark with 5 ug/mL acridine
oragne (Sigma) for 10 minutes, then rinsed in fish water for 30 seconds. Embryos were then
transferred to a glass bottom Petri dish with 1% low melting temperature (LMT) agarose+ MS
222 to hold them in position. Images were obtained on an inverted fluorescent microscope
(Eclipse Ti-U; Nikon Instruments) using the 10X objective with GFP filter.
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3.5.9 Immunohistochemistry and cell counts
Immunohistochemistry was performed on cryosections or whole zebrafish embryos as previously
described (Fadool, 2003a; Forbes-Osborne et al., 2013). Images were obtained on an inverted
fluorescent microscope (Eclipse Ti-U; Nikon Instruments) using the 20X objective. The
following primary antibodies and dilutions were used: anti-activated-Caspase 3 (rabbit, 1:500,
Abcam, Cambridge, MA). Alexa fluor-conjugated secondary antibodies (Invitrogen, Grand
Island, NY) and Cy-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove,
PA) were all used at a dilution of 1:200. Samples were counterstained with DAPI (1:10,000,
Sigma, St. Louis, MO) to visualize cell nuclei.

3.5.10 Whole mount in situ hybridization (WISH)
Antisense RNA probes were prepared by in vitro transcription of linearized plasmids containing a
portion of the coding sequence of the gene of interest, using SP6, T7, or T3 polymerase and
digoxigenin (DIG) labeling mix (Roche Applied Science, Indianapolis, IN). The gapdh plasmid
was prepared by cloning PCR products into the pGEM-T-easy vector (Promega, Madison, WI).
Primers used for PCR are listed in Table 3.1. The bmp4 plasmid (Dick et al., 2000) was
generously provided by Matthias Hammerschmidt (University of Cologne, Koeln, Germany).
WISH was performed as previously described (Forbes-Osborne et al., 2013; Pillai-Kastoori et al.,
2014). Images were obtained on an inverted fluorescent microscope (Eclipse Ti-U; Nikon
Instruments).

3.5.11 Statistical analyses
Significance was calculated using a two-tailed Student’s t-test or Fisher’s exact test, with P<0.05
being considered significant. For all graphs, data are represented as the mean ± the standard
deviation (s.d.).
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4.1 Abstract
Rod photoreceptors are generated from a lineage of committed progenitor cells. The genetic
regulation of rod lineage differentiation is not fully elucidated. We found that sox4a and sox4b
were both upregulated in a chronic rod degeneration and regeneration transgenic adult retina,
suggesting their potential involvement in rod neurogenesis. Using morpholino-mediated sox4
knockdown and sox4 CRISPR mutant zebrafish, we observed a significant reduction in rod
photoreceptor number, specific to Sox4 deficiency. Embryonic rod photoreceptor neurogenesis
was delayed while the expression of rod lineage cell markers was not affected by sox4
knockdown, indicating that Sox4 was not required for rod lineage cell specification but may be
required for the terminal differentiation of rod photoreceptors. The sox4aC2 MZ mutant retina
exhibited a similar reduction in rod neurogenesis at embryonic and early juvenile stages while
late juvenile and adult rod photoreceptor population was not affected. These findings indicate that
Sox4 regulates rod photoreceptor neurogenesis during embryonic stages, but is not required for
the persistent rod neurogenesis in adult zebrafish.

4.2 Introduction
Rod photoreceptors are light-sensitive neurons located in the posterior part of the retina that can
detect dim light and which play important roles in both day and night vision. Defects in rod
photoreceptor function can lead to severe vision loss. For example, patients with retinitis
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pigmentosa suffer from night blindness and tunnel vision or complete vision loss, which is caused
by the loss of rod photoreceptors and a subsequent degeneration of cone photoreceptors as well
(Hartong et al., 2006). Proper rod photoreceptor neurogenesis requires intrinsic cell fate
determination, extrinsic regulation of cell-cell and soluble molecule contact, and massive cell
migrations and connections (See (Brockerhoff and Fadool, 2011; Stenkamp, 2011) for a
comprehensive review of rod neurogenesis and regeneration). Our understanding of the genetic
networks that regulate rod photoreceptor development is far from complete. The long-term goal
of our research is to fill in gaps of the genetic network for retinal neurogenesis and provide
valuable data for potential therapeutic treatments for patients with photoreceptor disorders.

4.2.1 Persistent retinal neurogenesis in zebrafish
As a diurnal vertebrate with conserved retinal structure, the zebrafish is a favorable model to
study retinal development and retinal related human diseases. Consistent with mammals, the
zebrafish retina contains six types of neurons and one type of glia arranged into three layers.
Unlike mammals, the zebrafish retina continues to grow postembryonically. There are two
sources of retinal stem cells in the postembryonic zebrafish retina: a) Multipotent stem cells
reside in the ciliary marginal zone (CMZ) at the periphery of the retina. The CMZ is a remnant of
the embryonic retinal neuroepithelium. Stem cells in the CMZ proliferate continuously
throughout the life of zebrafish and differentiate into new neurons (except for rods) which are
added to the peripheral retina in an annular fashion like the growth rings in a tree (Johns, 1977;
Raymond, 1986). b) The second source of retinal stem cells is the Müller glia (Bernardos et al.,
2007); a subset of Müller glia, seeded into the retina during embryonic retinal neurogenesis,
contributes exclusively to rod photoreceptor neurogenesis during normal retinal growth. The
density of rod photoreceptors decreases as the retina grows in size. To preserve visual sensitivity,
new rod photoreceptors are generated from a lineage of cells (the rod lineage) derived from the
Müller glia and are inserted into the outer nuclear layer of the mature retina. Müller glia cells are
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also the source of progenitor cells in response to retinal damage and regeneration (discussed in
detail in 4.2.3).

4.2.2 Rod lineage in zebrafish
The presence of precursor cells in the ONL of the teleost retina that differentiate specifically to
rod photoreceptors was discovered more than thirty years ago. When 3H-thymidine was injected
intraocularly into adult goldfish or cichlids to label proliferating cells, labeled cells were found in
the ONL and eventually integrated into the retina exclusively as rod photoreceptors (Johns, 1982;
Johns and Fernald, 1981). Several following studies further suggested that these rod precursors in
the ONL were derived from proliferative cells in the INL (rod progenitors) and migrated to the
ONL along the Müller glia processes (Julian et al., 1998; Otteson et al., 2001; Raymond and
Rivlin, 1987). Recently, the rod progenitor cells in the INL were proved to be derived from
Müller glia (Bernardos et al., 2007; Morris et al., 2008a; Morris et al., 2008b; Nelson et al.,
2008).
During normal retinal neurogenesis, Müller glia cells slowly divide in the INL and produce
fusiform shaped daughter cells, the rod progenitor cells, which form clusters and migrate to the
ONL along the Müller cell processes to become rod precursors. The rod precursors further divide
and undergo terminal differentiation to become rod photoreceptors.

The differentiation of the rod lineage cells is under precise genetic control. Rod progenitors are
derived from pax6+ Müller glial cells (Bernardos et al., 2007). Once committed to the rod lineage,
these cells cease expression of pax6 and start to express transcription factors such as neuroD, rx1,
and crx (Liu et al., 2001b; Nelson et al., 2008; Ochocinska and Hitchcock, 2007). The expression
of an orphan nuclear receptor nr2e3 in the rod lineage cells initiates when cells are in the distal
region of INL. Once in the base of ONL, rod precursors become molecularly homogeneous and
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express neuroD, rx1, crx, and nr2e3. Terminally differentiated rod photoreceptors that are postmitotic express all these transcription factors as well as rod opsin (Nelson et al., 2008).

4.2.3 Rod regeneration in response to rod photoreceptor loss in zebrafish
Damaged mammalian retina undergoes Müller glia hypertrophy that results in retina
disorganization and scarring with poor retinal regeneration (Bringmann et al., 2006). In contrast,
zebrafish retina is capable of regenerating any retinal cell type in response to mechanical,
chemical, and genetic injuries. Zebrafish Müller glia cells act as multipotent retinal stem cells
under retinal injury conditions. In response to retinal injury or chronic retinal neuron
degeneration, zebrafish Müller glia re-enter the cell cycle and produce retinal progenitor cells that
migrate to the appropriate location corresponding to retinal injury, and differentiate into proper
retinal neurons that restore retinal function by integrating into the surrounding retina (Bernardos
et al., 2007; Fausett et al., 2008; Yurco and Cameron, 2005). Notch-Delta signaling activity, pax6
and ascl1a expression are up-regulated in Müller glia during retinal regeneration (Fausett et al.,
2008; Thummel et al., 2010; Wilson et al., 2015; Yurco and Cameron, 2007).
Several retinal regeneration models specific to the loss of rod photoreceptors suggested a distinct
rod photoreceptor regeneration pathway separate from the regeneration of other retinal neurons.
When rod photoreceptors were pharmacologically ablated in goldfish by tunicamycin, only the
rod precursor cells in the ONL but not INL rod lineage cells underwent cell proliferation and
differentiation into new rod photoreceptors (Braisted and Raymond, 1993). Another model was
the Tg(XRho:gap43-mCFP) q13 transgenic zebrafish line (XOPS:mCFP) that expresses a
membrane-targeted CFP in rod photoreceptors driven by the Xenopus rod opsin promoter (Morris
et al., 2005). This transgenic line was a chronic rod degeneration and regeneration model. Rod
photoreceptors died shortly after the initiation of rod opsin expression and cell proliferation was
limited only in the ONL. An acute rod photoreceptor degeneration model was the Tg(zop:nfsBEGFP)(nt20) transgenic zebrafish (Montgomery et al., 2010). A subset of rod photoreceptors of this
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transgenic line expressed a fused protein of the E. coli nitroreductase and GFP driven by the
zebrafish rod opsin promoter. Exposure of metronidazole induced these rod photoreceptors to
synthesize cytotoxin, which killed them. And a specific proliferation of rod precursors in the
ONL was stimulated. Interestingly, in a similar transgenic line Tg(zop:nfsB-EGFP)(nt19) that killed
all the rod photoreceptors, cell proliferation was both stimulated in rod precursor cells in the ONL
and Müller glia in the INL, suggesting that the genetic ablation of all rod photoreceptors in this
transgenic line not only stimulates the proliferation of rod precursor cells, but also triggers
dedifferentiation of Müller glia cells to generate rod progenitor cells.

4.2.4 SoxC and rod photoreceptor neurogenesis
Although there is a lack of data for rod neurogenesis in SoxC-deficient mouse models due to their
prenatal death prior to the differentation of the majority of rod photoreceptors, evidence has
emerged for the requirement of proper levels of SoxC expression in rod neurogenesis. Several rod
lineage specific genes were reduced in the Sox11 null mouse retina at E16 (Usui et al., 2013b).
Conditional Sox4/11 double knockout in the mouse retina resulted in a dramatic loss of retinal
neurons including photoreceptors (Jiang et al., 2013b). In vitro culture of Sox4 and Sox11
overexpression mice retina at E17 for two weeks revealed a significantly decreased number of rod
photoreceptors (Usui et al., 2013b). Early expression of Sox4 and Sox11 contributed to precocious
rod neurogenesis and subsequent rod degeneration in mice with a retinoblastoma (Rb) mutation
(Benavente et al., 2014). In addition, sox11 was reported to regulate rod neurogenesis in zebrafish
and knockdown of sox11 in zebrafish embryonic retina caused significant reduction in the
number of mature rod photoreceptors (Pillai-Kastoori et al., 2014). These data indicate that proper
expression level and proper expression timing of SoxC proteins are both important for rod
photoreceptor neurogenesis.
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Previously, sox4a and sox4b were both reported to be upregulated about 3-fold in the
XOPS:mCFP adult zebrafish retina by microarray analysis (Morris et al., 2011a), suggestive of
their potential relationship with rod photoreceptor degeneration and regeneration. The negative
regulation of Hh activity also suggests a potential requirement of sox4 for rod photoreceptor
differentiation, since proper levels of the extraretinal and retinal Hh signaling were required for
retinal neurogenesis, including rod photoreceptor differentiation and survival (Stenkamp and
Frey, 2003; Stenkamp et al., 2000; Yu et al., 2006). As a result, we hypothesize that sox4 may
also be involved in rod photoreceptor cell neurogenesis. Here, we examined the effect of loss of
sox4 on zebrafish retinal neurogenesis, especially on the differentiation of rod photoreceptors
using sox4 morphants as well as CRISPR mutants.

4.3 Results
4.3.1 Sox4 is upregulated in Tg(XRho:gap43-mCFP) q13 chronic rod degeneration and
regeneration of transgenic adult zebrafish retinas
To confirm the previous microarray analysis, RT-PCR was performed on age matched WT and
XOPS:mCFP adult retinas to examine the expression level of sox4a and sox4b. Both sox4a and
sox4b were upregulated in the XOPS:mCFP retina (Figure 4.1E). This upregulation still needs to
be confirmed by qPCR and in-situ hybridization. Preliminary in-situ hybridization analysis
revealed that sox4a was only expressed in a few cells at the CMZ in the WT adult retina (Figure
4.1A, arrow), but not detected in the central WT retina (Figure 4.1C). Sox4a expression was
observed in more cells in the XOPS:mCFP adult retina CMZ (Figure 4.1B, arrows). Intriguingly,
sox4a was also detected in a few cells located at the base of the ONL in the XOPS:mCFP central
retina, where the rod precursors reside (Figure 4.1D, arrows); however, sox4a-positive cells in the
ONL were not observed in all retinas examined. In addition, some sox4a positive cells were
found at the base of XOPS:mCFP INL (Figure 4.1B, 4.1D, arrowheads), which might be
microglia based on their small and round morphology, though more confirmation needs to be
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done. Taken together, these preliminary results suggest that Sox4 is upregulated in response to
rod photoreceptor loss and it may play a role in rod photoreceptor regeneration.
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Figure 4.1. Upregulation of sox4a and sox4b in the XOPS:mCFP adult retina. (A-B)
Expression of sox4a in the adult WT (A) and the XOPS:mCFP (B) peripheral retina detected by
FISH. (C-D) Expression of sox4a in the adult WT (C) and the XOPS:mCFP (D) central retina
detected by FISH. (E) Levels of sox4a and sox4b mRNA in the WT and the XOPS:mCFP adult
retina detected by RT-PCR. β-actin serves as a house keeping gene. Arrows, expression in retinal
neurons; arrowheads, expression in potential microglia cells; CMZ, ciliary marginal zone; GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars equal to 50
µm.
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4.3.2 Sox4 knockdown delays embryonic rod photoreceptor neurogenesis
4.3.2.1 Sox4 morphants exhibit fewer rod photoreceptors in the embryonic retina
The upregulation of sox4a and sox4b in the XOPS:mCFP adult retina suggested that they might
be involved in rod photoreceptor regeneration. Since regeneration partially recapitulates the
process of development, we first tested the requirement for sox4 in rod photoreceptor
neurogenesis during embryonic development. Sox4 deficient embryonic retinas were generated by
sox4a and sox4b morpholino injection. To minimize the secondary effect of coloboma on retinal
neurogenesis, we divided the sox4 morphants into groups that displayed coloboma and those
without coloboma. Control and sox4 morphant embryos at 72 hpf were cryosectioned and labeled
with retinal specific cell markers by immunohistochemistry. In sox4 morphants with coloboma,
we observed a severe disruption in retinal lamination and neurogenesis (Figure 4.2A, 4.2B).
Occasionally, we also observed ectopically located rod photoreceptors in the INL of these
morphants, usually clustered together and forming a rosette structure (Figure 4.3F, S4.1). In sox4
morphants with no coloboma, all the other retinal neurons were comparable with WT in terms of
cell numbers and cell morphology except for rod photoreceptors (Figure 4.2A, 4.2C). Rod
photoreceptors on the other hand were significantly reduced, revealed by the XOPS:GFP
transgene or 4C12 antibody labeling. A few rods were present in the ventral patch of the retina in
sox4 morphants, but were significantly reduced or completely absent in the dorsal and central
retina (Figure 4.2B). The reduction of rod photoreceptors in sox4 MOs was confirmed by qPCR
for the mature rod marker rhodopsin, which was significantly reduced in sox4 morphants (Figure
4.2D).
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Figure 4.2. Sox4 morphants exhibit fewer rod photoreceptors in the embryonic retina. (A)
Immunohistochemistry labeling of different retinal neurons including retinal ganglion cells,
amacrine cells, horizontal cells, bipolar cells, cone photoreceptors, and Müller glia in control and
sox4 morphants retina with or without coloboma at 5 dpf. (B) Representative images of rod
photoreceptors visualized by the XOPS:GFP transgene in control and sox4 morphants retina with
or without coloboma at 3 dpf. (C) Numbers of each cell type were counted in control and sox4
morphants retina without coloboma at 5 dpf. The number of rod photoreceptors was significantly
reduced in sox4 morphants (Student’s t-test, P<0.01). Only sections containing the optic nerve
were used for counting. At least 10 embryos were analyzed for each category. (D) Quantitative
RT-PCR revealed a significant reduction in rhodopsin gene expression in sox4 morphants.
n=30/category. Three biological replicates were performed for each group. (Student’s t-test,
P<0.01). All scale bars equal 100 µm.

141

Figure S4.1. Displaced rod photoreceptors in sox4 morphants with coloboma. Representative
images of control MOs and sox4 MOs with coloboma with ectopic rod photoreceptors. Rod
precursor gene nr2e3 and rhodopsin were labeled by two colored FISH. In control MOs, mature
rod photoreceptors were organized in the ONL and colocalized with nr2e3. In sox4 MOs with
coloboma, very few mature rod photoreceptors were present in the ONL. In addition, ectopic
clusters of rod photoreceptors were displaced in the INL and appeared as a rosette (arrow). Scale
bar equals 100 µm.
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4.3.2.2 Rod photoreceptor terminal differentiation is delayed in the sox4 morphant retina
To examine whether the reduction of rod photoreceptors in sox4 MOs was caused by defects in
rod lineage cell specification or rod terminal differentiation, we tested the expression of the rod
lineage specific genes neuroD, crx, and nr2e3 in WT and sox4 morphants at 72 hpf by FISH.
Interestingly, all three genes were normally expressed in sox4 morphants (Figure 4.3A-I). In
addition, qPCR also confirmed that nr2e3 expression level was comparable between control and
sox4 morphants (Figure 4.3J). These results suggested that rod lineage cells were properly
specified in sox4 morphants with or without coloboma and the reduction of rods in sox4 MOs
probably was due to defects in rod photoreceptor terminal differentiation.
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Figure 4.3. Sox4 morphants exhibit reduced numbers of mature rod photoreceptors. (A-C)
Representative images of two colored FISH labeling neuroD and rhodopsin in WT (A), sox4
morphants without coloboma (B), and sox4 morphants with coloboma (C) at 72 hpf. (D-F)
Representative images of two colored FISH labeling crx and rhodopsin in WT (D), sox4
morphants without coloboma (E), and sox4 morphants with coloboma (F) at 72 hpf. (G-I)
Representative images of two colored FISH labeling nr2e3 and rhodopsin in WT (G), sox4
morphants without coloboma (H), and sox4 morphants with coloboma (I) at 72 hpf. (J)
Quantitative RT-PCR performed on mRNA from control and sox4 morphants heads at 72 hpf
revealed that nr2e3 transcript levels were comparable between control and sox4 morphants.
Relative transcript abundance was normalized to gapdh. n=30/category. Three biological
replicates were performed for each category (Student’s t-test, P<0.01). Scale bar equals 100 µm.
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To further examine whether rod photoreceptor terminal differentiation was arrested or just
delayed in sox4 morphants, we reexamined the number of mature rods in WT and sox4 morphants
at 72 hpf and added a later developmental time point at 96 hpf. Only sections that crossed the
optic nerve (ON) were chosen and the numbers of rods were counted ventral and dorsal to the ON.
Consistent with previous observation, the number of rods at 72 hpf was significantly reduced in
sox4 morphants with or without coloboma at both the ventral retina and dorsal retina (Figure
4.4A-C, 4.4G). However, by 96 hpf, numbers of rods were comparable between control and sox4
MOs with no coloboma, suggesting that rod terminal differentiation has caught up in sox4 MOs
without coloboma (Figure 4.4D-E, 4.4G, student’s t-test, p<0.05). Alternatively, the increase in
rod cell number in sox4 morphants at 96 hpf could be due to dilution and loss of effectiveness of
the morpholino. The number of rods in sox4 morphants with coloboma was also increased by 96
hpf, although it did not reach the number of rods in controls, especially in the ventral retina
(Figure 4.4F, 4.4G). This probably was due to secondary effects of the coloboma in the ventral
eye that inhibited neurogenesis.

Taken together, these data suggest that Sox4 deficiency leads to a delay in rod photoreceptor
terminal differentiation while rod lineage specification is not affected.
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Figure 4.4. Recovery of rod photoreceptor numbers in sox4 morphants at 96 hpf. (A-C)
Representative images of two colored FISH labeling neuroD and rhodopsin in control (A), sox4
morphants without coloboma (B), and sox4 morphants with coloboma (C) at 72 hpf. (D-E)
Representative images of two colored FISH labeling neuroD and rhodopsin in control (D), sox4
morphants without coloboma (E), and sox4 morphants with coloboma (F) at 96 hpf. (G)
Quantification of the number of rod photoreceptors in control and sox4 morphants at 72 and 96
hpf. The numbers of rod photoreceptors dorsal and ventral to the optic nerve were counted. n=15
individuals per category. Student’s t-test, p<0.05. Scale bar equals 100 µm.
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4.3.3 Sox4aC2 MZ mutants exhibit fewer rods in both embryonic and early juvenile retinas
4.3.3.1 Comparison of embryonic rod photoreceptors among sox4 CRISPR mutant lines
Given that sox4 MOs showed a delay in rod photoreceptor neurogenesis, we were curious to
know whether rod neurogenesis was affected in sox4 mutants. We took advantage of the sox4
mutant zebrafish lines generated by CRISPR/Cas9 to determine the requirement for Sox4 in rod
neurogenesis at embryonic and juvenile stages. We first examined the presence of rod
photoreceptors in established sox4a and/or sox4b CRISPR mutant lines at 5 dpf when the
embryonic retina was fully laminated. Embryos at 5 dpf were collected from WT and six different
sox4 mutant lines, including sox4aC2 MZ, sox4aC2 Z, sox4b C2.2 MZ, sox4bC2.2 Z, sox4aC2
Z;sox4bC2 Z double mutant, and sox4bC1+C2 Z. Since all the lines were in the XOPS:GFP
background, in which mature rod photoreceptors express GFP, rod photoreceptors were
visualized by whole-mount confocal imaging of the GFP signal (Figure 4.5).

In WT, rod photoreceptors were observed to be densely packed in the ventral patch of the retina
where they initially differentiate and scattered throughout the dorsal and central retina (Figure
4.5A). Among all the sox4 mutant lines, the sox4aC2 MZ mutant retina had the most noticeable
reduction in rod photoreceptors. Images of rod photoreceptors were obtained from both normal
looking and abnormal looking sox4aC2 MZ mutant individuals. All sox4aC2 MZ individuals
exhibited smaller eye size and reduced rod photoreceptors compared to WT (Figure 4.5B, 4.5C).
Some abnormal individuals also showed an open choroid fissure and a few rod photoreceptors
were observed around the coloboma area (Figure 4.5C). For the other five sox4 mutant lines, the
presence of rod photoreceptors seemed to be comparable to WT (Figure 4.5 D-G), except for
sox4bC1+C2 Z, in which some individuals appeared to have fewer rods around the optic nerve
region compared to WT (Figure 4.5H). It is possible however, that more precise quantification of
rod photoreceptor number in the other mutant lines will reveal a subtle reduction in those retinas
as well.
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Figure 4.5. Comparison of embryonic rod photoreceptors among sox4 CRISPR mutant lines
on XOPS:GFP background. Representative image of the overall organization and appearance of
rod photoreceptors in WT (A), maternal zygotic sox4aC2 mutant with microphthalmia but no
coloboma (B), maternal zygotic sox4aC2 mutant with coloboma (C), zygotic sox4aC2 mutant (D),
maternal zygotic sox4bC2.2 mutant (E), zygotic sox4bC2.2 mutant (F), zygotic sox4aC2 and
sox4bC2.2 double mutant (G), and zygotic sox4bC1+C2 mutant (H), visualized by expression of
the transgene XOPS:GFP at 5 dpf. ON, optic nerve; D, dorsal; V, ventral. Scale bar equals 100
µm.
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4.3.3.2 The sox4aC2 MZ mutant retina has a specific reduction in the number of rod
photoreceptors
We further examined rod photoreceptor neurogenesis in sox4aC2 MZ mutants in a longer time
period spanning from embryonic to juvenile and adult stages. Retinas of sox4aC2 MZ mutants
(abnormal looking) with heart edema, tail curvature, and microphthalmia/coloboma were severely
underdeveloped (Figure S4.2) and those individuals never survived past 5 dpf. As a result we did
not further examine their retinas. Hereafter, sox4aC2 MZ mutant retina only refers to mutants
without systematic developmental defects (normal looking). Sox4aC2 MZ mutant zebrafish eyes
were collected and cryosectioned at 5 dpf, and 2, 4, and 8 weeks post fertilization (wpf).

We first compared the number of rod photoreceptors in WT and sox4aC2 MZ mutant retinas at all
the time points. GFP positive cells were counted on sections containing the optic nerve (ON).
Five dpf and 2 wpf sections were counted from dorsal to the ON (D) and ventral to the ON (V),
while 4 wpf and 8 wpf were counted from three 100 µm areas [two dorsal to the optic nerve (D1
and D2), one ventral to the optic nerve (V)]. At 5 dpf, the sox4aC2 MZ mutant had significantly
fewer rods than WT, especially in the dorsal retina (Figure 4.6A, 4.6B, 4.6I). At 2 wpf, the
reduction of rods in the mutant was even more obvious, in that both the ventral and dorsal retina
possessed fewer rods than WT (Figure 4.6C, 4.6D, 4.6I). Considering that the reduction of the
number of rods in mutants may be due to the previously described decrease in eye size, the
density of rod photoreceptors was calculated by dividing the dorsal rod number by the length of
the retina from the optic nerve to the dorsal retinal margin and the ventral rod number by the
length of the retina from the optic nerve to the ventral retinal margin. The number of rods per 100
µm retina length at 5 dpf and 2 wpf was plotted (Figure 4.6J). Interestingly, the number of rods
was still significantly reduced in sox4aC2 MZ mutants even after normalization for eye size
(Figure 4.6J). At 5 dpf, there was a 25.6% decrease in rod density in mutant dorsal retina
compared to WT. At 2 wpf, the mutant had a 35.4% decrease in rod density in the dorsal retina
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and a 31% decrease in the ventral retina. At 4 wpf, although the number of rods in the three
counted areas was comparable between WT and mutants (Figure 4.6E-F, 4.6I), we noticed that in
WT rod photoreceptors were densely packed with each other while gaps of rod photoreceptors
were often observed in the mutant retina ventral to the ON, which was likely to be established
during embryonic retinal neurogenesis (Figure 4.6E’-F’, arrowheads). By 8 wpf, no difference
was observed between WT and mutant (Figure 4.6G-I). These observations suggest that loss of
sox4a may affect rod neurogenesis during embryonic and early juvenile stages, but the persistent
rod neurogenesis in late juvenile and adult stages does not require sox4a function.
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Figure S4.2. Retinal neurogenesis is severely impaired in the sox4aC2 MZ mutant with
microphthalmia and coloboma. Immunohistochemistry labeling of rod photoreceptors, retinal
ganglion cells, amacrine cells (A, C), and cone photoreceptors, bipolar cells (B, D) of 5 dpf WT
(A, B) and sox4aC2 MZ abnormal retinas (C, D). L, lens; on, optic nerve; b, brain. Scale bar
equals 50 µm.
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Figure 4.6. Reduction of rod photoreceptor in sox4aC2 MZ mutant retina. Representative
images of the transverse section from the WT retina (A, C, E, E’, G, G’) or the sox4aC2 MZ
mutant retina (B, D, F, F’, H, H’) at 5 dpf (A, B), 2 wpf (C, D), 4 wpf (E-F’), and 8 wpf (G-H’),
showing rod photoreceptors with the expression of the XOPS:GFP transgene. E’, F’, G’ and H’
show the retina region ventral to the optic nerve, enlarged from E, F, G and H. (I) Quantification
of the numbers of rod photoreceptors counted from dorsal or ventral to the optic nerve at 5 dpf
and 2 wpf, or from the three selected 100 µm regions (white boxes) at 4 wpf and 8 wpf. Sox4aC2
MZ retina had significantly reduced numbers of rod photoreceptor at 5 dpf and 2 wpf (Student’s
t-test, p<0.05). (J) Quantification of the numbers of rod photoreceptors at 5 dpf and 2 wpf retina
normalized by the size of the retina. Sox4aC2 MZ retinas still display significantly reduced
numbers of rod photoreceptor cells (Student’s t-test, p<0.05). All scale bars equal 100 µm.
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The next question we asked was whether loss of sox4a affects rod photoreceptor neurogenesis
specifically or if it also affects retinal neurogenesis of other cell types. To answer this question,
we examined sox4aC2 MZ retinal neurogenesis by labeling retinal neurons with antibodies
against red-green cone photoreceptors (Zpr-1); Müller glia (Zrf1); and a subset of retinal ganglion
cells, amacrine cells and bipolar cells (Islet-1). Retinal neurogenesis was compared between WT
and sox4aC2 MZ mutant retina at all the time points from 5 dpf to 8 wpf. No apparent difference
was observed in the Islet1 labeling (Figure 4.7A). The number of cones and Müller glia cells was
counted. Cones were counted dorsal and ventral to the optic nerve at 5 dpf and 2 wpf, while in 4
and 8 wpf retinas cones were counted from three 100 µm areas (V1, V2, and D). We found that at
5 dpf and 2 wpf, the number of cone photoreceptors was slightly but significantly reduced in
sox4aC2 MZ mutant retinas and no difference was observed at 4 and 8 wpf (Figure 4.7B, 4.7D).
Since we noticed that the mutant eyes were smaller than WT at 5 dpf and 2 wpf, we also
calculated the density of cone photoreceptors the same way as we did for the rod photoreceptors.
In contrast to what we found for rod photoreceptor density, cone density was comparable between
WT and mutants at 5 dpf and 2 wpf after it was normalized for eye size (Figure 4.7E). Müller glia
cells in the whole retina were counted and no difference was observed between WT and mutants
at any time point examined (Figure 4.7C, 4.7D). These observations suggest that with the
exception of rods, differentiation of other retinal neurons during late embryonic (5 dpf) and
juvenile stages (2 wpf to 8 wpf) were not affected by loss of Sox4a.
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Figure 4.7. Retinal neurogenesis for other cell types was not affected in the sox4aC2 MZ
mutant retina. Representative images of the WT and the sox4aC2 MZ mutant retina transverse
sections at 5 dpf, 2 wpf, and 4 wpf, immunolabeled with Islet1 antibody for retinal ganglion cells,
amacrine cells and bipolar cells (A), Zpr1 antibody for cone photoreceptors (B), and Zrf1
antibody for Müller glia cells (C). (D) Quantitative analysis of the numbers of cone
photoreceptors and Müller glia cells in WT and sox4aC2 MZ mutant retina at 5 dpf, 2 wpf, 4 wpf,
and 8 wpf. Cone photoreceptors were significantly reduced in sox4aC2 MZ mutant retina at 5 dpf
and 2 wpf, while Müller glia cells were comparable between WT and the mutant at all the time
points analyzed (Student’s t-test, p<0.05). (E) Quantification of the numbers of cone
photoreceptors at 5 dpf and 2 wpf retina normalized to the size of retina. The number of cone
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photoreceptors per 100 µm retina region between WT and sox4aC2 MZ retinas were comparable
(Student’s t-test, p<0.05).
4.4 Discussion
In this study, we examined the requirement for Sox4 in retinal neurogenesis, particularly in rod
photoreceptor neurogenesis during embryonic and juvenile to adult stages. We found that Sox4
deficiency resulted in a specific delay in rod photoreceptor neurogenesis. Rod neurogenesis was
delayed at 72 hpf when sox4a and sox4b were knocked down by morpholino injection. Rod
lineage genes crx, neuroD, and nr2e3 expression were not affected by sox4 knockdown,
suggestive of a normal rod lineage cell specification. The recovery of rod cells by 4 dpf in sox4
morphants without coloboma indicated that there was only a delay rather than an arrest in
embryonic rod neurogenesis, with the caveat that the effectiveness of morpholino is significantly
reduced after 4 dpf, so it could be due to the recovery of Sox4 function. Previously, deficiency in
Sox11, another SoxC family transcription factor, was also reported to cause reduction in rod
photoreceptors in zebrafish embryonic retinas (Pillai-Kastoori et al., 2014). Similar to what we
found for Sox4 deficiency, Sox11 knockdown by morpholino also led to reduced rod numbers
while rod lineage genes were not affected. This indicates that Sox4 and Sox11 are both required
for rod photoreceptor terminal differentiation. In addition, we observed ectopically located rod
photoreceptors in the INL in sox4 morphants with coloboma. Interestingly, displaced rod
photoreceptors were also observed in Xenopus retina injected with sox4 morpholino (Cizelsky et
al., 2013). The displacement of rod photoreceptor indicates there might be either a defect in the
migration of rod progenitor cells or a deregulation of proper retinal progenitor cell differentiation
such that cells that should become interneurons in the INL instead differentiated into rod
photoreceptors.

The generation of sox4 CRISPR mutants provides us a valuable opportunity for the first time to
examine the requirement of Sox4 in rod neurogenesis during a long period from embryonic to
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adult neurogenesis. Consistent with the sox4 morphant phenotype, sox4 mutant zebrafish also
exhibit a delay in rod neurogenesis. Among the different sox4 mutant lines, we observed the
strongest reduction of rod numbers in the sox4aC2 MZ mutant from 5 dpf to 2 wpf. Smaller eye
size was also observed for most sox4aC2 MZ mutant embryos at these two time points. However,
the number of rod photoreceptors was still significantly reduced even after controlling for eye
size. For juvenile and adult retinas at 4 and 8 wpf, although the numbers of rod photoreceptors
within the counted areas were statistically similar between the WT and sox4aC2 MZ mutant, the
ventral region of the mutant retina had noticeable gaps within the rod photoreceptor layer at 4 wpf.
The analysis of sox4 morphants together with sox4aC2 MZ mutant retinas suggest that Sox4
deficiency causes delayed rod photoreceptor neurogenesis, while persistent rod neurogenesis in
the adult retina is not affected.

One of the advantages of the sox4aC2 MZ zebrafish mutant is that the majority of individuals
survive to adulthood, unlike Sox4 null mice that die prenatally at E14 (Bhattaram et al., 2010;
Schilham et al., 1996). Since more than 70% of mouse rod photoreceptors are differentiated
postnatally (Young, 1985), the prenatal death of Sox4 null mice largely precludes studies of the
requirement for Sox4 in rod photoreceptor neurogenesis. For this reason, very few studies of the
function of Sox4 in rod neurogenesis have been conducted in mouse models. Not until recently
has evidence emerged that altered expression of Sox4 in the mouse retina affects rod
neurogenesis (Benavente et al., 2014; Jiang et al., 2013b; Usui et al., 2013b).

The mechanism of how Sox4 regulates rod neurogenesis remains unclear. Considering our
previous discovery that Sox4 negatively regulates the level of Hh signaling during early
embryonic development in the anterior neural tube (Wen et al., 2015), we think that elevation in
Hh signaling activity could be one of the reasons for the delayed rod neurogenesis in Sox4
deficient retina. Ectopic Hh activation in perinatal mouse retina explants reduced rod
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photoreceptor neurogenesis (Yu et al., 2006). In addition, extraretinal Hh signaling in the
prechordal plate was also reported to affect the progression of rod photoreceptor differentiation in
zebrafish (Stenkamp and Frey, 2003; Stenkamp et al., 2000). We have shown that sox4
knockdown significantly elevated the level of Hh activity in the ventral midline of the zebrafish
anterior neural tube. Hh signaling there was known to be required for the initiation of retinal
neurogenesis (Kay et al., 2005). As a result, we hypothesize that Sox4 is required for proper rod
neurogenesis through regulating Hh signaling activity.

4.5 Materials and Methods
4.5.1 Zebrafish strains and maintenance
All zebrafish (Danio rerio) strains were bred, raised, and maintained at 28.5° C on a 14 hour
light:10 hour dark cycle according to established protocols (Westerfield, 2000). The Tg
(XlRho:EGFP)fl1 transgenic line (hereafter referred to as XOPS:GFP) and the Tg(XRho:gap43CFP)q13 line (hereafter referred to as XOPS-mCFP) were generous gift from J.M. Fadool
(Florida State University, Tallahassee, FL) and has been previously described (Fadool, 2003b;
Morris et al., 2005). Embryos were staged according to established developmental hallmarks
(Kimmel et al., 1995). All animal procedures were carried out in accordance with guidelines
established by the University of Kentucky Institutional Animal Care and Use Committee.

4.5.2 Fluorescent in situ hybridization (FISH)
Antisense RNA probes were prepared by in vitro transcription of linearized plasmids containing a
portion of the coding sequence of the gene of interest, using SP6, T7, or T3 polymerase and
digoxigenin (DIG) or fluorescein (FITC) labeling mix (Roche Applied Science, Indianapolis, IN).
The sox4a and sox4b antisense probes have been previously described (Wen et al., 2015). The
neuroD antisense probes have been previously described (Morris et al., 2011b). The crx, and
nr2e3 probes have been previously described, and plasmids for generating these probes were
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kindly provided by Y.F. Leung (Purdue University, Indiana). FISH was performed as previously
described (Pillai-Kastoori et al., 2014). Images were obtained on an inverted fluorescent
microscope (Eclipse Ti-U; Nikon Instruments).

4.5.3 RT-PCR
Total RNA was extracted from the retinas of age matched adult XOPS:GFP and XOPS:mCFP
zebrafish using TRIzol reagent (Invitrogen, Grand Island, NY). RNA was reverse-transcribed
using the GoScript Reverse Transcriptase System (Promega, Madison, WI). Sox4a and sox4b
were amplified by PCR with standard buffer and taq polymerase with primers listed in Table 2.1.
For all experiments, three biological replicates were analyzed.
4.5.4 Immunohistochemistry
Immunohistochemistry was performed on cryosections of 3 dpf, 4 dpf, 5 dpf, 2 week, 4 week, and
8 week zebrafish retinas, or whole zebrafish embryos at 5 dpf, or whole mount adult zebrafish
retinas as previously described (Fadool, 2003a; Forbes-Osborne et al., 2013). Images were either
obtained on an inverted fluorescent microscope (Eclipse Ti-U; Nikon Instruments) or on a laser
scanning confocal microscope (Nikon C2 plus). The following primary antibodies and dilutions
were used: anti-Zn-8 (mouse, 1:10, ZIRC, Eugene, OR), which labels ganglion cells; anti-Prox1
(rabbit, 1:1000, Acris, San Diego, CA), which recognizes horizontal cells; anti-PKCα (rabbit,
1:100, Santa Cruz Biotechnology, Dallas, Texas), which labels bipolar cells; anti-Zpr-1 (mouse,
1:20; ZIRC, Eugene, OR), which labels red-green cones; anti-Nr2e3 (rabbit, 1:100). Alexa fluorconjugated secondary antibodies (Invitrogen, Grand Island, NY) and Cy-conjugated secondary
antibodies (Jackson ImmunoResearch, West Grove, PA) were all used at a dilution of 1:200.
Samples were counterstained with DAPI (1:10,000, Sigma, St. Louis, MO) to visualize cell
nuclei.
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4.5.5 Statistical analyses
Significance was calculated using a two-tailed Student’s t-test, with P<0.05 being considered
significant. For all graphs, data are represented as the mean ± the standard deviation (s.d.).
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CHAPTER 5: SUMMARY AND DISCUSSION: RESEARCHING TODAY,
SEEING TOMORROW
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For most congenital and age-related ocular diseases, our understanding of their etiologies are still
very limited. Ocular coloboma is a good example: although it is one of the most common visionthreatening conditions among congenital ocular disorders, only a handful of causative genes have
been identified, and they account for less than 10% of clinically reported ocular coloboma cases.
Due to the complexity of ocular development, it is very challenging to completely understand its
detailed regulatory network at the molecular level. However, it is essential to continue identifying
new genes that are required for eye development or are causal for ocular diseases, because they
may provide potential new therapies and new pharmacological targets that can improve patients’
vision and quality of life.

Proper eye development requires precise genetic control that coordinates ocular cell proliferation,
migration, differentiation, and survival. Although our current knowledge about ocular
morphogenesis and neurogenesis is very poor, thanks to molecular and cellular biological
techniques and the development of new animal models, we have gained knowledge about some
critical intrinsic and extrinsic genetic factors that regulate the process of eye development.
Promisingly, an increasing number of genes for ocular development are being identified based on
loss-of-function phenotypes in human patients and animal models studies. However, our
understanding for most of their functions and mechanisms in regulating ocular development are
still like scattered pieces of puzzles. A regulatory gene network remains to be built, especially
between cell signaling pathways and intrinsic expression of transcription factors.
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Sox4 is one such transcription factor that has been valued as a potential ocular regulatory gene.
The goal of this dissertation was to determine the requirement of Sox4 in ocular morphogenesis
and retinal neuron differentiation, and to identify target genes or cell signaling pathways that
were regulated by Sox4 during ocular development. Our general hypothesis originally was that
Sox4 was required for ocular development and loss-of-function of Sox4 should result in ocular
defects. This hypothesis was tested and supported in Chapter 2, Chapter 3, and Chapter 4.
Morpholino-mediated sox4 deficiency caused a range of ocular defects, including ocular
coloboma, altered proximodistal patterning of the optic vesicle, increased periocular cell death
during early eye developmental stages, ectopic cell proliferation in the retinal ganglion cell layer,
and delayed rod photoreceptor neurogenesis. These multiple developmental defects together with
the spatiotemporal expression pattern of sox4 in the developing eye suggested that Sox4 was
involved in multiple ocular developmental processes. Based on the coloboma phenotype in Sox4
deficient embryos, in Chapter 2 we tested our second hypothesis that Sox4 negatively regulates
Hh activity and that the coloboma phenotype was caused by elevated Hh activity in Sox4
deficient embryos. Consistent with our hypothesis, we reported a significantly increased
expression of the Hh ligand indian hedgehog b (ihhb) in Sox4 deficient embryos and inhibition of
Hh activity or ihhb expression rescued the coloboma phenotype. In chapter 3, we further tested
and confirmed our first two hypotheses on a sox4a mutant background generated by the
CRISPR/Cas9 genome editing system. Mosaic knockout of sox4a or sox4b in F0 founders already
phenocopies the coloboma phenotype. In the F3 maternal zygotic sox4a homozygous mutant,
ocular abnormalities including coloboma and severe microphthalmia were exhibited in about 25%
of the embryos and the rest of embryos had mild microphthalmia. The penetrance of ocular
defects in sox4a mutant is lower than other defects such as heart edema and tail curvature, this is
probably due to the expression of sox4b in the eye that partially compensates for the loss of
sox4a. In addition, we proposed that BMP signaling that limits Hh activity was intermediate
between Sox4 and Hh, since several BMP signaling molecules were downregulated in sox4a
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mutants. In Chapter 4, we focused on the requirement of Sox4 in rod photoreceptor neurogenesis
based on the observation that sox4 expression was upregulated in a chronic rod photoreceptor
degeneration and regeneration transgenic zebrafish retina. Although rod progenitor and precursor
cells were well defined in Sox4 deficient retina, we observed a delay in rod maturation in both the
sox4 morphants and sox4a mutants, indicating that Sox4 might be involved in rod photoreceptor
terminal differentiation.

It is likely that Sox4 plays different roles during ocular development based on its expression time
and location. As characterized in chapter 2, sox4a and sox4b are not expressed within the retina
when all the retinal progenitor cells are actively proliferating prior to 32 hpf. During early ocular
morphogenesis stages, sox4 expression can only be detected in the forebrain and ventral
diencephalon. Expression patterns of sox4a and sox4b are partially overlapping, with sox4a
expressed earlier in the forebrain than sox4b. In addition, sox4a is also expressed in the periocular
mesenchymal cells adjacent to the optic stalk, where sox4b expression cannot be detected.
Coincidently, the ventral diencephalon is close to the source of Hh signaling in the prechordal
plate and sox4 expression region in the ventral diencephalon partially overlaps with the
expression region of Hh ligands. The periocular tissues are also sensitive to Hh activity by
expressing high levels of Hh receptor genes. Moreover, the optic stalk expresses pax2, which is a
target gene of Hh signaling. The close spatial relationship between extraretinal sox4 expressing
tissues and Hh signal sending and responding tissues provides possible explanations for how
Sox4 may regulate Hh signaling, by either cell-autonomously regulating Hh ligand transcription
or limiting the short-range diffusion of the Hh ligands.

Later on in development, sox4a and sox4b expression within the retina follows the same pattern:
they are expressed mostly in immature neurons that have already exited the cell cycle but have
not yet undergone terminal differentiation. Towards the end of retinal neurogenesis when the
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majority of retinal neurons are terminally differentiated, the expression of sox4 is restricted to the
regions that are adjacent to the persistently proliferating CMZ. Its expression in the adult retina is
also limited to the CMZ, and not detected elsewhere. However, in the chronic rod photoreceptor
degeneration and regeneration adult retina, sox4 expression in the CMZ is upregulated and is also
detected in the outer nuclear layer in a few cells that may be differentiating rod precursor cells.
Their expression in immature neurons are not limited only to the retina, but are also active in the
developing brain (Bergsland et al., 2006; Chen et al., 2015a; Cheung et al., 2000). Analysis using
the chick spinal cord revealed that sox4 expression was limited to post-mitotic maturing neural
cells and Sox4 can promote the expression of pan-neuronal genes (Bergsland et al., 2006). The
requirement of Sox4 in the brain to promote neuronal gene expression in maturing neurons
suggests that sox4 in the retina may also exert similar functions for the terminal differentiation of
neurons.

Reduction of Sox4a/b proteins during development results in ocular coloboma that is most
obvious at 48 hpf when the RPE cells are pigmented. However, several lines of evidence indicate
that the ocular coloboma in Sox4-deficient embryos results from a combination of developmental
defects that occur much earlier. Firstly, an abnormal distortion of the horizontal crease in the
optic vesicle was observed around 10 to 12 hpf in sox4 morphants. The horizontal crease is the
lateral appearance of the connection between the optic vesicle and the optic stalk. The distortion
indicates that the morphology of the optic stalk is already abnormal at this developmental stage.
Secondly, even with inhibited p53 activity by p53 MO co-injection, an increased number of
apoptotic cells were still observed in sox4 morphants at 18 hpf around the optic stalk region,
where sox4 is strongly expressed. As discussed in Chapter 3, Sox4 is known for its requirement
for neuronal and mesenchymal cell survival in the central nervous system, and sox4 knockdown
without inhibition of p53 caused a much higher proportion of embryos with ocular coloboma
(Bhattaram et al., 2010; Thein et al., 2010; Wen et al., 2015). Excessive periocular and retinal cell
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death has been reported to be closely related to ocular coloboma (Gregory-Evans et al., 2011;
Moosajee et al., 2008). As a result, it is reasonable to postulate that ectopic cell death early in the
optic stalk region may contribute to the ocular coloboma phenotype at later developmental stages.

Thirdly, we detected elevation in Hh activity at very early developmental time points. The
elevation of Hh activity was supported by four independent experimental results: 1) During
ocular development, midline Hh signaling promotes the expression of Pax2 and Pax6 in the optic
stalk and optic vesicle regions, respectively. A significant expansion of the pax2 expression
region was observed in Sox4 deficient eyes at 18 hpf, indicating an increased midline Hh activity
that altered the optic stalk and optic vesicle boundary. 2) Ptch2 is a Hh receptor and itself is a
target of Hh activity, such that a high expression level of ptch2 indicates a high Hh activity. Sox4
deficiency resulted in a significantly increased expression of ptch2 at 12 hpf detected in a
Tg(ptch2:EGFP) background. 3) Treatment of Sox4 deficient embryos with the Hh inhibitor
cyclopamine at very early developmental stages from 5.5 hpf to 13 hpf (when midline Hh is the
only source of Hh activity in the developing embryo) can significantly rescue the coloboma
phenotype. 4) The expression of the Hh ligand ihhb was elevated in sox4 morphants from 8 hpf to
24 hpf. These observations provide a strong argument that Hh activity is upregulated in Sox4
deficient embryos at very early developmental stages and proper level of early Hh activity is
required for normal choroid fissure closure (Figure 5.1).
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Figure 5.1. Sox4 regulates choroid fissure closure through negatively regulating Hh
signaling activity. A schematic drawing represents choroid fissure closure of the optic cup due to
the presence of Sox4 during normal ocular development (A) and an aberration in this event in the
condition of Sox4-deficiency (B). The expression of Sox4, partially through BMP signaling,
limits the midline Hh signaling activity, which controls the expression level of Pax2 and governs
the closure of the choroid fissure. Loss of Sox4 causes a reduction of BMP activity, hence an
elevation in Hh and Pax2 expression, inhibiting the closure of the choroid fissure.
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SOX4 is upregulated in many different types of human cancer cells and many cell signaling
pathways that are commonly activated in cancer cells are able to stimulate SOX4 expression.
SOX4 can either directly signal through some of its target proteins or transcriptionally regulate
target gene expression. SOX4 is known to function upstream of Wnt signaling by directly
interacting with β-catenin and activating several Frizzled Wnt receptors (Sinner et al., 2007). In
addition, SOX4 can activate the Notch signaling pathway by transcriptionally activating HES2,
ADAM10, and DLL1 (Moreno, 2010). A genome-wide promoter analysis of SOX4 in prostate
cancer cell revealed 282 direct SOX4 target genes, which are involved in many cellular processes,
including microRNA processing, tumor metastasis, transcriptional regulation, TGF-β, Wnt, Hh,
and Notch pathways (Scharer et al., 2009).

Intriguingly, the Hh receptor gene PTCH1 was also detected as one of the SOX4 direct targets
with high confidence (Scharer et al., 2009). Targeted deletion of Ptch in mice resulted in a large
proportion of Ptch+/- heterozygous individuals with medulloblastoma (MB) (Goodrich et al.,
1997). SOX4 expression was upregulated in many cases of MB in human patients (Yokota et al.,
2004). The expression of SOX4 and the Hh effector gene GLI1 was reported to be oppositely
regulated in some cases of human MB cells, with SOX4 being upregulated and GLI1 being
downregulated (Yokota et al., 2004). Moreover, Sox4 expression was repressed in rat kidney
epithelial cells that were transfected with Gli1 (Yoon et al., 2002). Besides studies in cancer cells,
there are very few reports for Hh signaling and Sox4 regulatory relationship during development.
Previously, we have reported a similar ocular coloboma and an elevation in shh expression when
another SoxC transcription factor sox11 was knocked down. Together with our finding in sox4
and ihhb activity, we postulate a negative regulatory relationship between SoxC proteins and the
Hh signaling pathway during vertebrate eye development.
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Further investigations are required to determine through what mechanisms SoxC proteins regulate
Hh activity. The first question that remains to be examined is whether the negative regulation of
Hh activity by Sox4 is direct or indirect. Sox4 is a transcription activator (Dy et al., 2008; van de
Wetering et al., 1993). Although it may potentially inhibit target gene transcription through some
unknown domains or partners, there are no such studies reported yet. We favor the indirect model
that some unknown intermediate molecule(s) is(are) involved in the regulatory network acting as
Hh inhibitors. We hypothesize that Sox4 negatively regulates Hh activity by activating the
expression of Hh inhibitors.

We examined the expression levels of several potential intermediate molecules in Sox4 deficient
embryos and found BMP signaling as a promising candidate for Hh repression. BMP signaling
genes are strongly expressed in the dorsal retina and RPE, and surface ectoderm cells overlying
the optic vesicle (Huang et al., 2015; Muller et al., 2007). BMP activity is required for the
differentiation of the retina, RPE cells and lens vesicle (Muller et al., 2007). It also facilitates the
epithelial flow of the optic cup that affects eye morphogenesis (Heermann et al., 2015). BMP
receptor deficiency in the mouse lens placode resulted in ocular coloboma (Huang et al., 2015).
Previously BMP7 has been reported to mediate choroid fissure closure upstream of Hh activity
(Morcillo et al., 2006). We detected a significant decrease in the expression of BMP signaling
ligands bmp4 and bmp7 in Sox4 deficient embryos. Overexpression of bmp7 mRNA in sox4
morphants can partially rescue the coloboma phenotype. Further experiments that can detect
protein-DNA binding such as chromatin immunoprecipitation (ChIP) are required to provide
direct evidence of Sox4 and BMP molecule interaction.

It is also likely that BMP signaling is not the only intermediate candidate repressing Hh. The Fgf
signaling pathway also plays a critical role in regulating optic vesicle patterning. A mutual
regulatory relationship between Fgf and Hh signaling pathways has been intensely studied during
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ocular development and they work collaboratively to define the dorsoventral axis of the optic
vesicle (Lupo et al., 2005). Fgf activity is also required for the initiation of shh expression within
the retina for retinal neurogenesis in zebrafish (Vinothkumar et al., 2008). As mentioned in
Chapter 2, we detected a significant reduction of the Fgf signaling receptor 2 (fgfr2). Fgfr1 and
Fgfr2 conditional knockout in the mouse optic cup resulted in ocular coloboma and failure of
RGC neurogenesis (Cai et al., 2013; Chen et al., 2013). Further examination is required to
confirm the effect of Sox4 deficiency on Fgf activity. We would like also to conduct unbiased
examinations such as RNA-seq or ChIP-seq to identify more Sox4 targets that are involved in
ocular development.

We also reported a novel requirement of Sox4 in proper rod photoreceptor differentiation in
Chapter 4. Sox4 morphants exhibit a specific delay in rod maturation during embryonic eye
development. The sox4 mutant retina also has reduced numbers of mature rod photoreceptors
during embryonic and juvenile stages. The normal expression of several rod progenitor and
precursor genes crx, neuroD, and nr2e3 indicated that the rod defect was probably related to the
terminal differentiation of rod photoreceptors. The delay in rod terminal differentiation is not due
to the secondary effect of coloboma as it was observed in both sox4 morphants and in sox4aC2
MZ mutants without coloboma, indicating that this phenotype may be independent of ocular
coloboma. We have two hypotheses to explain the delay in rod maturation phenotype: 1) Since
we found the upregulation of midline Hh activity in Sox4 deficient embryos during early
development, future experiment will address our hypothesis that the delay of rod maturation is
also related to the upregulation of midline Hh activity. Early expression of extraretinal midline
Hh signaling is known to initiate retinal neurogenesis prior to the intraretinal Hh activity by
promoting the expression of the proneural gene ath5 in the retina (Kay et al., 2005; Stenkamp and
Frey, 2003). Future experiments will include the analysis of mature rod numbers in Sox4
deficient embryos treated with either cyclopamine or with ihhb MO injection. 2) Our second
168

hypothesis is that sox4 expression within the retina plays a direct role in regulating rod
photoreceptor maturation. As discussed in Chapter 1 and Chapter 4, studies in mice indicated the
requirement of an optimal level of SoxC expression in the retina for proper rod photoreceptor
development (Usui et al., 2013b). In addition, although we did not observe a change of transcript
levels of rod progenitor or precursor genes, there might be an epigenetic modification of those
genes facilitated by Sox4, as suggested in mouse studies (Benavente et al., 2014; Usui et al.,
2013b). Future studies are required to decide whether the effect of Sox4 deficiency on rod
maturation is through early extraretinal expression of sox4 on midline Hh expression or the late
sox4 expression within the retina.

In summary, this dissertation includes a detailed examination for the requirement of Sox4 in
regulating ocular morphogenesis and retinal neurogenesis (Figure 5.2). It provides a thorough
expression profile of sox4a and sox4b in the brain, periocular tissues, and the retina during early
ocular morphogenesis and retinal neurogenesis stages. Loss-of-function analyses conducted on
sox4 knockdown and sox4 mutant zebrafish models demonstrated a specific role of Sox4 in
regulating the choroid fissure closure and rod photoreceptor terminal differentiation. Mechanistic
study of the ocular coloboma provided strong evidence that Sox4 negatively regulates midline Hh
activity, especially the expression of ihhb. The elevated midline Hh activity through Sox4
deficiency in turn causes expanded optic stalk that inhibits the choroid fissure from closing. The
increased cell death due to Sox4 deficiency also contributes to the severity of coloboma. An
indirect regulatory relationship between Sox4 and Hh activity is proposed, with BMP signaling as
a potential intermediate component.
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Figure 5.2. Proposed models for the functions of Sox4 in regulating ocular morphogenesis
and retinal neurogenesis. Proper Sox4 expression is required for an appropriate level of midline
Hh activity (probably Ihhb) that governs the process of eye field segregation, optic vesicle
patterning, and choroid fissure closure. In addition, Sox4 may also be required for choroid fissure
closure by regulating cell survival independent of Hh signaling. During retinal neurogenesis,
Sox4 regulates the state of proliferation of retinal progenitor cells and controls the timing of
retinal precursor cell terminal differentiation.
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SoxC transcription factors have their footprints in many developmental and pathogenic processes,
regulating cell proliferation, differentiation, and survival (Penzo-Mendez, 2010; Vervoort et al.,
2013). Different target genes and mechanisms are used in those processes in a context dependent
manner. Our work on the regulation of SoxC in ocular development provides important evidence
supporting the critical role of SoxC proteins in regulating cell fate specification and
organogenesis. Although further analysis is required to continue identifying direct target genes of
SoxC, the discovery of a regulatory relationship between SoxC proteins and the Hh signaling
pathway during ocular development opens up a new avenue when we think about genetic
regulation of embryonic development and pathogenic mechanisms of many diseases such as
congenital ocular defects and cancer. Although there is limited data for the involvement of SoxC
deficiency on human diseases, some of loss-of-SoxC ocular phenotypes are similar to many that
are observed in human disorders. It is reasonable to speculate that SoxC deficiency may be
involved in some of those diseases. Future studies will focus on the determination of the critical
time period for the requirement of SoxC in ocular morphogenesis, the identification of the direct
target(s) of SoxC, and how these targets affect Hh signaling activity and ocular development. We
have also provided some evidence for a requirement of SoxC in rod photoreceptor neurogenesis,
we are eager to elucidate additional functions of SoxC in regulating embryonic retinal
neurogenesis and during adult retinal regeneration.

Copyright © Wen Wen 2016

171

Bibliography
Ablain, J., Durand, E.M., Yang, S., Zhou, Y., Zon, L.I., 2015. A CRISPR/Cas9 Vector System for
Tissue-Specific Gene Disruption in Zebrafish. Developmental cell 32, 756-764.
Adelmann, H., 1936. The problem of cyclopia, Pt. I. . Q. Rev. Biol. 11, 161–182
Agathocleous, M., Harris, W.A., 2009. From progenitors to differentiated cells in the vertebrate
retina. Annual review of cell and developmental biology 25, 45-69.
Ahmad, I., Balasubramanian, S., Del Debbio, C.B., Parameswaran, S., Katz, A.R., Toris, C.,
Fariss, R.N., 2011. Regulation of ocular angiogenesis by Notch signaling: implications in
neovascular age-related macular degeneration. Investigative ophthalmology & visual science 52,
2868-2878.
Alexiades, M.R., Cepko, C.L., 1997. Subsets of retinal progenitors display temporally regulated
and distinct biases in the fates of their progeny. Development (Cambridge, England) 124, 11191131.
Allen, B.L., Song, J.Y., Izzi, L., Althaus, I.W., Kang, J.S., Charron, F., Krauss, R.S., McMahon,
A.P., 2011. Overlapping roles and collective requirement for the coreceptors GAS1, CDO, and
BOC in SHH pathway function. Developmental cell 20, 775-787.
Alvarez, Y., Cederlund, M.L., Cottell, D.C., Bill, B.R., Ekker, S.C., Torres-Vazquez, J.,
Weinstein, B.M., Hyde, D.R., Vihtelic, T.S., Kennedy, B.N., 2007. Genetic determinants of
hyaloid and retinal vasculature in zebrafish. BMC developmental biology 7, 114.
Amato, M.A., Boy, S., Perron, M., 2004. Hedgehog signaling in vertebrate eye development: a
growing puzzle. Cellular and molecular life sciences : CMLS 61, 899-910.
Auer, T.O., Duroure, K., De Cian, A., Concordet, J.P., Del Bene, F., 2014. Highly efficient
CRISPR/Cas9-mediated knock-in in zebrafish by homology-independent DNA repair. Genome
research 24, 142-153.
Bao, Z., Xiao, H., Liang, J., Zhang, L., Xiong, X., Sun, N., Si, T., Zhao, H., 2015. Homologyintegrated CRISPR-Cas (HI-CRISPR) system for one-step multigene disruption in
Saccharomyces cerevisiae. ACS synthetic biology 4, 585-594.
Barbieri, A.M., Broccoli, V., Bovolenta, P., Alfano, G., Marchitiello, A., Mocchetti, C., Crippa,
L., Bulfone, A., Marigo, V., Ballabio, A., Banfi, S., 2002. Vax2 inactivation in mouse determines
alteration of the eye dorsal-ventral axis, misrouting of the optic fibres and eye coloboma.
Development (Cambridge, England) 129, 805-813.
Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., Romero, D.A.,
Horvath, P., 2007. CRISPR provides acquired resistance against viruses in prokaryotes. Science
315, 1709-1712.
Barth, K.A., Kishimoto, Y., Rohr, K.B., Seydler, C., Schulte-Merker, S., Wilson, S.W., 1999.
Bmp activity establishes a gradient of positional information throughout the entire neural plate.
Development (Cambridge, England) 126, 4977-4987.
Bassett, A.R., Tibbit, C., Ponting, C.P., Liu, J.L., 2013. Highly efficient targeted mutagenesis of
Drosophila with the CRISPR/Cas9 system. Cell reports 4, 220-228.
Bassett, E.A., Wallace, V.A., 2012. Cell fate determination in the vertebrate retina. Trends in
neurosciences 35, 565-573.
Bassett, E.A., Williams, T., Zacharias, A.L., Gage, P.J., Fuhrmann, S., West-Mays, J.A., 2010.
AP-2alpha knockout mice exhibit optic cup patterning defects and failure of optic stalk
morphogenesis. Human molecular genetics 19, 1791-1804.
Bastida, M.F., Sheth, R., Ros, M.A., 2009. A BMP-Shh negative-feedback loop restricts Shh
expression during limb development. Development (Cambridge, England) 136, 3779-3789.
Baumer, N., Marquardt, T., Stoykova, A., Spieler, D., Treichel, D., Ashery-Padan, R., Gruss, P.,
2003. Retinal pigmented epithelium determination requires the redundant activities of Pax2 and
Pax6. Development (Cambridge, England) 130, 2903-2915.

172

Behesti, H., Holt, J.K., Sowden, J.C., 2006. The level of BMP4 signaling is critical for the
regulation of distinct T-box gene expression domains and growth along the dorso-ventral axis of
the optic cup. BMC developmental biology 6, 62.
Belloni, E., Muenke, M., Roessler, E., Traverso, G., Siegel-Bartelt, J., Frumkin, A., Mitchell,
H.F., Donis-Keller, H., Helms, C., Hing, A.V., Heng, H.H., Koop, B., Martindale, D., Rommens,
J.M., Tsui, L.C., Scherer, S.W., 1996. Identification of Sonic hedgehog as a candidate gene
responsible for holoprosencephaly. Nature genetics 14, 353-356.
Benavente, C.A., Finkelstein, D., Johnson, D.A., Marine, J.C., Ashery-Padan, R., Dyer, M.A.,
2014. Chromatin remodelers HELLS and UHRF1 mediate the epigenetic deregulation of genes
that drive retinoblastoma tumor progression. Oncotarget.
Bergsland, M., Ramskold, D., Zaouter, C., Klum, S., Sandberg, R., Muhr, J., 2011. Sequentially
acting Sox transcription factors in neural lineage development. Genes Dev 25, 2453-2464.
Bergsland, M., Werme, M., Malewicz, M., Perlmann, T., Muhr, J., 2006. The establishment of
neuronal properties is controlled by Sox4 and Sox11. Genes Dev 20, 3475-3486.
Bernardos, R.L., Barthel, L.K., Meyers, J.R., Raymond, P.A., 2007. Late-stage neuronal
progenitors in the retina are radial Muller glia that function as retinal stem cells. The Journal of
neuroscience : the official journal of the Society for Neuroscience 27, 7028-7040.
Bernardos, R.L., Lentz, S.I., Wolfe, M.S., Raymond, P.A., 2005. Notch-Delta signaling is
required for spatial patterning and Muller glia differentiation in the zebrafish retina.
Developmental biology 278, 381-395.
Bharti, K., Nguyen, M.T., Skuntz, S., Bertuzzi, S., Arnheiter, H., 2006. The other pigment cell:
specification and development of the pigmented epithelium of the vertebrate eye. Pigment cell
research / sponsored by the European Society for Pigment Cell Research and the International
Pigment Cell Society 19, 380-394.
Bhattaram, P., Penzo-Mendez, A., Sock, E., Colmenares, C., Kaneko, K.J., Vassilev, A.,
Depamphilis, M.L., Wegner, M., Lefebvre, V., 2010. Organogenesis relies on SoxC transcription
factors for the survival of neural and mesenchymal progenitors. Nature communications 1, 9.
Bibliowicz, J., Gross, J.M., 2011. Ectopic proliferation contributes to retinal dysplasia in the
juvenile zebrafish patched2 mutant eye. Investigative ophthalmology & visual science 52, 88688877.
Bill, B.R., Petzold, A.M., Clark, K.J., Schimmenti, L.A., Ekker, S.C., 2009. A primer for
morpholino use in zebrafish. Zebrafish 6, 69-77.
Blackburn, P.R., Campbell, J.M., Clark, K.J., Ekker, S.C., 2013. The CRISPR system--keeping
zebrafish gene targeting fresh. Zebrafish 10, 116-118.
Blasco, R.B., Karaca, E., Ambrogio, C., Cheong, T.C., Karayol, E., Minero, V.G., Voena, C.,
Chiarle, R., 2014. Simple and rapid in vivo generation of chromosomal rearrangements using
CRISPR/Cas9 technology. Cell reports 9, 1219-1227.
Bolotin, A., Quinquis, B., Sorokin, A., Ehrlich, S.D., 2005. Clustered regularly interspaced short
palindrome repeats (CRISPRs) have spacers of extrachromosomal origin. Microbiology
(Reading, England) 151, 2551-2561.
Bowles, J., Schepers, G., Koopman, P., 2000. Phylogeny of the SOX family of developmental
transcription factors based on sequence and structural indicators. Developmental biology 227,
239-255.
Braisted, J.E., Raymond, P.A., 1993. Continued search for the cellular signals that regulate
regeneration of dopaminergic neurons in goldfish retina. Brain research. Developmental brain
research 76, 221-232.
Branchek, T., 1984. The development of photoreceptors in the zebrafish, brachydanio rerio. II.
Function. The Journal of comparative neurology 224, 116-122.
Bringmann, A., Pannicke, T., Grosche, J., Francke, M., Wiedemann, P., Skatchkov, S.N.,
Osborne, N.N., Reichenbach, A., 2006. Muller cells in the healthy and diseased retina. Progress
in retinal and eye research 25, 397-424.
173

Briscoe, J., Therond, P.P., 2013. The mechanisms of Hedgehog signalling and its roles in
development and disease. Nature reviews. Molecular cell biology 14, 416-429.
Brockerhoff, S.E., Fadool, J.M., 2011. Genetics of photoreceptor degeneration and regeneration
in zebrafish. Cellular and molecular life sciences : CMLS 68, 651-659.
Brouns, S.J., Jore, M.M., Lundgren, M., Westra, E.R., Slijkhuis, R.J., Snijders, A.P., Dickman,
M.J., Makarova, K.S., Koonin, E.V., van der Oost, J., 2008. Small CRISPR RNAs guide antiviral
defense in prokaryotes. Science 321, 960-964.
Brown, K.E., Keller, P.J., Ramialison, M., Rembold, M., Stelzer, E.H., Loosli, F., Wittbrodt, J.,
2010. Nlcam modulates midline convergence during anterior neural plate morphogenesis.
Developmental biology 339, 14-25.
Brown, N.L., Patel, S., Brzezinski, J., Glaser, T., 2001. Math5 is required for retinal ganglion cell
and optic nerve formation. Development (Cambridge, England) 128, 2497-2508.
Busch, A.M., Galimberti, F., Nehls, K.E., Roengvoraphoj, M., Sekula, D., Li, B., Guo, Y.,
Direnzo, J., Fiering, S.N., Spinella, M.J., Robbins, D.J., Memoli, V.A., Freemantle, S.J.,
Dmitrovsky, E., 2014. All-trans-retinoic acid antagonizes the Hedgehog pathway by inducing
patched. Cancer biology & therapy 15, 463-472.
Cai, J., Xu, X., Yin, H., Wu, R., Modderman, G., Chen, Y., Jensen, J., Hui, C.C., Qiu, M., 2000.
Evidence for the differential regulation of Nkx-6.1 expression in the ventral spinal cord and
foregut by Shh-dependent and -independent mechanisms. Genesis 27, 6-11.
Cai, Z., Tao, C., Li, H., Ladher, R., Gotoh, N., Feng, G.S., Wang, F., Zhang, X., 2013. Deficient
FGF signaling causes optic nerve dysgenesis and ocular coloboma. Development (Cambridge,
England) 140, 2711-2723.
Capowski, E.E., Simonett, J.M., Clark, E.M., Wright, L.S., Howden, S.E., Wallace, K.A.,
Petelinsek, A.M., Pinilla, I., Phillips, M.J., Meyer, J.S., Schneider, B.L., Thomson, J.A., Gamm,
D.M., 2014. Loss of MITF expression during human embryonic stem cell differentiation disrupts
retinal pigment epithelium development and optic vesicle cell proliferation. Human molecular
genetics 23, 6332-6344.
Cavodeassi, F., Carreira-Barbosa, F., Young, R.M., Concha, M.L., Allende, M.L., Houart, C.,
Tada, M., Wilson, S.W., 2005. Early stages of zebrafish eye formation require the coordinated
activity of Wnt11, Fz5, and the Wnt/beta-catenin pathway. Neuron 47, 43-56.
Cavodeassi, F., Ivanovitch, K., Wilson, S.W., 2013. Eph/Ephrin signalling maintains eye field
segregation from adjacent neural plate territories during forebrain morphogenesis. Development
(Cambridge, England) 140, 4193-4202.
Cepko, C.L., Austin, C.P., Yang, X., Alexiades, M., Ezzeddine, D., 1996. Cell fate determination
in the vertebrate retina. Proceedings of the National Academy of Sciences of the United States of
America 93, 589-595.
Chang, B., Smith, R.S., Peters, M., Savinova, O.V., Hawes, N.L., Zabaleta, A., Nusinowitz, S.,
Martin, J.E., Davisson, M.L., Cepko, C.L., Hogan, B.L., John, S.W., 2001. Haploinsufficient
Bmp4 ocular phenotypes include anterior segment dysgenesis with elevated intraocular pressure.
BMC genetics 2, 18.
Chang, L., Blain, D., Bertuzzi, S., Brooks, B.P., 2006. Uveal coloboma: clinical and basic science
update. Current opinion in ophthalmology 17, 447-470.
Chen, C., Lee, G.A., Pourmorady, A., Sock, E., Donoghue, M.J., 2015a. Orchestration of
Neuronal Differentiation and Progenitor Pool Expansion in the Developing Cortex by SoxC
Genes. The Journal of neuroscience : the official journal of the Society for Neuroscience 35,
10629-10642.
Chen, S., Lewis, B., Moran, A., Xie, T., 2012. Cadherin-mediated cell adhesion is critical for the
closing of the mouse optic fissure. PloS one 7, e51705.
Chen, S., Li, H., Gaudenz, K., Paulson, A., Guo, F., Trimble, R., Peak, A., Seidel, C., Deng, C.,
Furuta, Y., Xie, T., 2013. Defective FGF signaling causes coloboma formation and disrupts
retinal neurogenesis. Cell research 23, 254-273.
174

Chen, W., Ren, X.R., Nelson, C.D., Barak, L.S., Chen, J.K., Beachy, P.A., de Sauvage, F.,
Lefkowitz, R.J., 2004. Activity-dependent internalization of smoothened mediated by betaarrestin 2 and GRK2. Science 306, 2257-2260.
Chen, X., Li, M., Feng, X., Guang, S., 2015b. Targeted Chromosomal Translocations and
Essential Gene Knockout Using CRISPR/Cas9 Technology in Caenorhabditis elegans. Genetics.
Chen, Z., Huang, J., Liu, Y., Dattilo, L.K., Huh, S.H., Ornitz, D., Beebe, D.C., 2014. FGF
signaling activates a Sox9-Sox10 pathway for the formation and branching morphogenesis of
mouse ocular glands. Development (Cambridge, England) 141, 2691-2701.
Cheong, H.I., Cho, H.Y., Kim, J.H., Yu, Y.S., Ha, I.S., Choi, Y., 2007. A clinico-genetic study of
renal coloboma syndrome in children. Pediatric nephrology (Berlin, Germany) 22, 1283-1289.
Cheung, M., Abu-Elmagd, M., Clevers, H., Scotting, P.J., 2000. Roles of Sox4 in central nervous
system development. Brain research. Molecular brain research 79, 180-191.
Chiang, C., Litingtung, Y., Lee, E., Young, K.E., Corden, J.L., Westphal, H., Beachy, P.A., 1996.
Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene function. Nature
383, 407-413.
Chou, C.M., Nelson, C., Tarle, S.A., Pribila, J.T., Bardakjian, T., Woods, S., Schneider, A.,
Glaser, T., 2015. Biochemical Basis for Dominant Inheritance, Variable Penetrance, and Maternal
Effects in RBP4 Congenital Eye Disease. Cell 161, 634-646.
Chow, R.L., Lang, R.A., 2001. Early eye development in vertebrates. Annual review of cell and
developmental biology 17, 255-296.
Choy, S.W., Cheng, S.H., 2012. Hedgehog signaling. Vitamins and hormones 88, 1-23.
Chuang, J.C., Raymond, P.A., 2001. Zebrafish genes rx1 and rx2 help define the region of
forebrain that gives rise to retina. Developmental biology 231, 13-30.
Chuang, J.C., Raymond, P.A., 2002. Embryonic origin of the eyes in teleost fish. BioEssays :
news and reviews in molecular, cellular and developmental biology 24, 519-529.
Chung, A.Y., Kim, S., Kim, E., Kim, D., Jeong, I., Cha, Y.R., Bae, Y.K., Park, S.W., Lee, J.,
Park, H.C., 2013. Indian hedgehog B function is required for the specification of oligodendrocyte
progenitor cells in the zebrafish CNS. The Journal of neuroscience : the official journal of the
Society for Neuroscience 33, 1728-1733.
Cizelsky, W., Hempel, A., Metzig, M., Tao, S., Hollemann, T., Kuhl, M., Kuhl, S.J., 2013. sox4
and sox11 function during Xenopus laevis eye development. PloS one 8, e69372.
Cong, L., Ran, F.A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P.D., Wu, X., Jiang, W.,
Marraffini, L.A., Zhang, F., 2013. Multiplex genome engineering using CRISPR/Cas systems.
Science 339, 819-823.
Cremazy, F., Berta, P., Girard, F., 2001. Genome-wide analysis of Sox genes in Drosophila
melanogaster. Mechanisms of development 109, 371-375.
Currie, P.D., Ingham, P.W., 1996. Induction of a specific muscle cell type by a hedgehog-like
protein in zebrafish. Nature 382, 452-455.
Cvekl, A., Tamm, E.R., 2004. Anterior eye development and ocular mesenchyme: new insights
from mouse models and human diseases. BioEssays : news and reviews in molecular, cellular and
developmental biology 26, 374-386.
Dahlem, T.J., Hoshijima, K., Jurynec, M.J., Gunther, D., Starker, C.G., Locke, A.S., Weis, A.M.,
Voytas, D.F., Grunwald, D.J., 2012. Simple methods for generating and detecting locus-specific
mutations induced with TALENs in the zebrafish genome. PLoS genetics 8, e1002861.
Dakubo, G.D., Mazerolle, C., Furimsky, M., Yu, C., St-Jacques, B., McMahon, A.P., Wallace,
V.A., 2008. Indian hedgehog signaling from endothelial cells is required for sclera and retinal
pigment epithelium development in the mouse eye. Developmental biology 320, 242-255.
Deltcheva, E., Chylinski, K., Sharma, C.M., Gonzales, K., Chao, Y., Pirzada, Z.A., Eckert, M.R.,
Vogel, J., Charpentier, E., 2011. CRISPR RNA maturation by trans-encoded small RNA and host
factor RNase III. Nature 471, 602-607.

175

Dick, A., Hild, M., Bauer, H., Imai, Y., Maifeld, H., Schier, A.F., Talbot, W.S., Bouwmeester, T.,
Hammerschmidt, M., 2000. Essential role of Bmp7 (snailhouse) and its prodomain in
dorsoventral patterning of the zebrafish embryo. Development (Cambridge, England) 127, 343354.
Dorrell, M., Uusitalo-Jarvinen, H., Aguilar, E., Friedlander, M., 2007. Ocular neovascularization:
basic mechanisms and therapeutic advances. Survey of ophthalmology 52 Suppl 1, S3-19.
Dubourg, C., Bendavid, C., Pasquier, L., Henry, C., Odent, S., David, V., 2007.
Holoprosencephaly. Orphanet journal of rare diseases 2, 8.
Duench, K., Franz-Odendaal, T.A., 2012. BMP and Hedgehog signaling during the development
of scleral ossicles. Developmental biology 365, 251-258.
Dy, P., Penzo-Mendez, A., Wang, H., Pedraza, C.E., Macklin, W.B., Lefebvre, V., 2008. The
three SoxC proteins--Sox4, Sox11 and Sox12--exhibit overlapping expression patterns and
molecular properties. Nucleic acids research 36, 3101-3117.
Eccles, M.R., Schimmenti, L.A., 1999. Renal-coloboma syndrome: a multi-system developmental
disorder caused by PAX2 mutations. Clinical genetics 56, 1-9.
Echelard, Y., Epstein, D.J., St-Jacques, B., Shen, L., Mohler, J., McMahon, J.A., McMahon, A.P.,
1993. Sonic hedgehog, a member of a family of putative signaling molecules, is implicated in the
regulation of CNS polarity. Cell 75, 1417-1430.
Ekker, S.C., 2008. Zinc finger-based knockout punches for zebrafish genes. Zebrafish 5, 121-123.
Ekker, S.C., Ungar, A.R., Greenstein, P., von Kessler, D.P., Porter, J.A., Moon, R.T., Beachy,
P.A., 1995. Patterning activities of vertebrate hedgehog proteins in the developing eye and brain.
Current biology : CB 5, 944-955.
Erclik, T., Hartenstein, V., McInnes, R.R., Lipshitz, H.D., 2009. Eye evolution at high resolution:
the neuron as a unit of homology. Developmental biology 332, 70-79.
Esteve, P., Bovolenta, P., 2006. Secreted inducers in vertebrate eye development: more functions
for old morphogens. Current opinion in neurobiology 16, 13-19.
Etheridge, L.A., Wu, T., Liang, J.O., Ekker, S.C., Halpern, M.E., 2001. Floor plate develops upon
depletion of tiggy-winkle and sonic hedgehog. Genesis 30, 164-169.
Fadool, J.M., 2003a. Development of a rod photoreceptor mosaic revealed in transgenic
zebrafish. Developmental biology 258, 277-290.
Fadool, J.M., 2003b. Development of a rod photoreceptor mosaic revealed in transgenic
zebrafish. Developmental Biology 258, 277-290.
Fadool, J.M., Brockerhoff, S.E., Hyatt, G.A., Dowling, J.E., 1997. Mutations affecting eye
morphology in the developing zebrafish (Danio rerio). Developmental genetics 20, 288-295.
Faivre, L., Williamson, K.A., Faber, V., Laurent, N., Grimaldi, M., Thauvin-Robinet, C., Durand,
C., Mugneret, F., Gouyon, J.B., Bron, A., Huet, F., Hayward, C., Heyningen, V., Fitzpatrick,
D.R., 2006. Recurrence of SOX2 anophthalmia syndrome with gonosomal mosaicism in a
phenotypically normal mother. American journal of medical genetics. Part A 140, 636-639.
Fausett, B.V., Gumerson, J.D., Goldman, D., 2008. The proneural basic helix-loop-helix gene
ascl1a is required for retina regeneration. The Journal of neuroscience : the official journal of the
Society for Neuroscience 28, 1109-1117.
Feng, W., Khan, M.A., Bellvis, P., Zhu, Z., Bernhardt, O., Herold-Mende, C., Liu, H.K., 2013.
The chromatin remodeler CHD7 regulates adult neurogenesis via activation of SoxC transcription
factors. Cell stem cell 13, 62-72.
Ferrari, S., Harley, V.R., Pontiggia, A., Goodfellow, P.N., Lovell-Badge, R., Bianchi, M.E.,
1992. SRY, like HMG1, recognizes sharp angles in DNA. The EMBO journal 11, 4497-4506.
Flandin, P., Zhao, Y., Vogt, D., Jeong, J., Long, J., Potter, G., Westphal, H., Rubenstein, J.L.,
2011. Lhx6 and Lhx8 coordinately induce neuronal expression of Shh that controls the generation
of interneuron progenitors. Neuron 70, 939-950.

176

Fleck, B.J., Pandya, A., Vanner, L., Kerkering, K., Bodurtha, J., 2001. Coffin-Siris syndrome:
review and presentation of new cases from a questionnaire study. American journal of medical
genetics 99, 1-7.
Forbes-Osborne, M.A., Wilson, S.G., Morris, A.C., 2013. Insulinoma-associated 1a (Insm1a) is
required for photoreceptor differentiation in the zebrafish retina. Developmental biology 380,
157-171.
Friedland, A.E., Tzur, Y.B., Esvelt, K.M., Colaiacovo, M.P., Church, G.M., Calarco, J.A., 2013.
Heritable genome editing in C. elegans via a CRISPR-Cas9 system. Nature methods 10, 741-743.
Fuccillo, M., Joyner, A.L., Fishell, G., 2006. Morphogen to mitogen: the multiple roles of
hedgehog signalling in vertebrate neural development. Nature reviews. Neuroscience 7, 772-783.
Fuhrmann, S., Levine, E.M., Reh, T.A., 2000. Extraocular mesenchyme patterns the optic vesicle
during early eye development in the embryonic chick. Development (Cambridge, England) 127,
4599-4609.
Fujimura, N., Taketo, M.M., Mori, M., Korinek, V., Kozmik, Z., 2009. Spatial and temporal
regulation of Wnt/beta-catenin signaling is essential for development of the retinal pigment
epithelium. Developmental biology 334, 31-45.
Gage, P.J., Hurd, E.A., Martin, D.M., 2015. Mouse Models for the Dissection of CHD7 Functions
in Eye Development and the Molecular Basis for Ocular Defects in CHARGE Syndrome.
Investigative ophthalmology & visual science 56, 7923-7930.
Gage, P.J., Rhoades, W., Prucka, S.K., Hjalt, T., 2005. Fate maps of neural crest and mesoderm
in the mammalian eye. Investigative ophthalmology & visual science 46, 4200-4208.
Gage, P.J., Zacharias, A.L., 2009. Signaling "cross-talk" is integrated by transcription factors in
the development of the anterior segment in the eye. Developmental dynamics : an official
publication of the American Association of Anatomists 238, 2149-2162.
Garneau, J.E., Dupuis, M.E., Villion, M., Romero, D.A., Barrangou, R., Boyaval, P., Fremaux,
C., Horvath, P., Magadan, A.H., Moineau, S., 2010. The CRISPR/Cas bacterial immune system
cleaves bacteriophage and plasmid DNA. Nature 468, 67-71.
Geng, X., Speirs, C., Lagutin, O., Inbal, A., Liu, W., Solnica-Krezel, L., Jeong, Y., Epstein, D.J.,
Oliver, G., 2008. Haploinsufficiency of Six3 fails to activate Sonic hedgehog expression in the
ventral forebrain and causes holoprosencephaly. Developmental cell 15, 236-247.
Gerhardt, H., Golding, M., Fruttiger, M., Ruhrberg, C., Lundkvist, A., Abramsson, A., Jeltsch,
M., Mitchell, C., Alitalo, K., Shima, D., Betsholtz, C., 2003. VEGF guides angiogenic sprouting
utilizing endothelial tip cell filopodia. The Journal of cell biology 161, 1163-1177.
Gestri, G., Carl, M., Appolloni, I., Wilson, S.W., Barsacchi, G., Andreazzoli, M., 2005. Six3
functions in anterior neural plate specification by promoting cell proliferation and inhibiting
Bmp4 expression. Development (Cambridge, England) 132, 2401-2413.
Gogat, K., Le Gat, L., Van Den Berghe, L., Marchant, D., Kobetz, A., Gadin, S., Gasser, B.,
Quere, I., Abitbol, M., Menasche, M., 2004. VEGF and KDR gene expression during human
embryonic and fetal eye development. Investigative ophthalmology & visual science 45, 7-14.
Gongal, P.A., French, C.R., Waskiewicz, A.J., 2011. Aberrant forebrain signaling during early
development underlies the generation of holoprosencephaly and coloboma. Biochimica et
biophysica acta 1812, 390-401.
Gonzales, A.P., Yeh, J.R., 2014. Cas9-based genome editing in zebrafish. Methods in
enzymology 546, 377-413.
Goodrich, L.V., Milenkovic, L., Higgins, K.M., Scott, M.P., 1997. Altered neural cell fates and
medulloblastoma in mouse patched mutants. Science 277, 1109-1113.
Gould, D.B., Smith, R.S., John, S.W., 2004. Anterior segment development relevant to glaucoma.
The International journal of developmental biology 48, 1015-1029.
Graham, J.D., Hunt, S.M., Tran, N., Clarke, C.L., 1999. Regulation of the expression and activity
by progestins of a member of the SOX gene family of transcriptional modulators. Journal of
molecular endocrinology 22, 295-304.
177

Graw, J., 2010. Eye development. Current topics in developmental biology 90, 343-386.
Green, E.S., Stubbs, J.L., Levine, E.M., 2003. Genetic rescue of cell number in a mouse model of
microphthalmia: interactions between Chx10 and G1-phase cell cycle regulators. Development
(Cambridge, England) 130, 539-552.
Gregory-Evans, C.Y., Moosajee, M., Shan, X., Gregory-Evans, K., 2011. Gene-specific
differential response to anti-apoptotic therapies in zebrafish models of ocular coloboma.
Molecular vision 17, 1473-1484.
Gregory-Evans, C.Y., Williams, M.J., Halford, S., Gregory-Evans, K., 2004. Ocular coloboma: a
reassessment in the age of molecular neuroscience. Journal of medical genetics 41, 881-891.
Gritsman, K., Zhang, J., Cheng, S., Heckscher, E., Talbot, W.S., Schier, A.F., 1999. The EGFCFC protein one-eyed pinhead is essential for nodal signaling. Cell 97, 121-132.
Gross, J.M., Perkins, B.D., Amsterdam, A., Egana, A., Darland, T., Matsui, J.I., Sciascia, S.,
Hopkins, N., Dowling, J.E., 2005. Identification of zebrafish insertional mutants with defects in
visual system development and function. Genetics 170, 245-261.
Grunwald, D.J., Eisen, J.S., 2002. Headwaters of the zebrafish -- emergence of a new model
vertebrate. Nature reviews. Genetics 3, 717-724.
Gu, C., Rodriguez, E.R., Reimert, D.V., Shu, T., Fritzsch, B., Richards, L.J., Kolodkin, A.L.,
Ginty, D.D., 2003. Neuropilin-1 conveys semaphorin and VEGF signaling during neural and
cardiovascular development. Developmental cell 5, 45-57.
Guirgis, M.F., Lueder, G.T., 2003. Choroidal neovascular membrane associated with optic nerve
coloboma in a patient with CHARGE association. American journal of ophthalmology 135, 919920.
Hale, C.R., Zhao, P., Olson, S., Duff, M.O., Graveley, B.R., Wells, L., Terns, R.M., Terns, M.P.,
2009. RNA-guided RNA cleavage by a CRISPR RNA-Cas protein complex. Cell 139, 945-956.
Hammerschmidt, M., Bitgood, M.J., McMahon, A.P., 1996. Protein kinase A is a common
negative regulator of Hedgehog signaling in the vertebrate embryo. Genes & Development 10,
647-658.
Harris, W.A., 1997. Cellular diversification in the vertebrate retina. Current opinion in genetics &
development 7, 651-658.
Hartley, K.O., Hardcastle, Z., Friday, R.V., Amaya, E., Papalopulu, N., 2001. Transgenic
Xenopus embryos reveal that anterior neural development requires continued suppression of
BMP signaling after gastrulation. Developmental biology 238, 168-184.
Hartong, D.T., Berson, E.L., Dryja, T.P., 2006. Retinitis pigmentosa. Lancet (London, England)
368, 1795-1809.
Hatakeyama, J., Bessho, Y., Katoh, K., Ookawara, S., Fujioka, M., Guillemot, F., Kageyama, R.,
2004. Hes genes regulate size, shape and histogenesis of the nervous system by control of the
timing of neural stem cell differentiation. Development (Cambridge, England) 131, 5539-5550.
Heermann, S., Schutz, L., Lemke, S., Krieglstein, K., Wittbrodt, J., 2015. Eye morphogenesis
driven by epithelial flow into the optic cup facilitated by modulation of bone morphogenetic
protein. eLife 4.
Helms, J.A., Kim, C.H., Hu, D., Minkoff, R., Thaller, C., Eichele, G., 1997. Sonic hedgehog
participates in craniofacial morphogenesis and is down-regulated by teratogenic doses of retinoic
acid. Developmental biology 187, 25-35.
Hennig, A.K., Peng, G.H., Chen, S., 2008. Regulation of photoreceptor gene expression by Crxassociated transcription factor network. Brain research 1192, 114-133.
Hernandez-Bejarano, M., Gestri, G., Spawls, L., Nieto-Lopez, F., Picker, A., Tada, M., Brand,
M., Bovolenta, P., Wilson, S.W., Cavodeassi, F., 2015. Opposing Shh and Fgf signals initiate
nasotemporal patterning of the retina. Development (Cambridge, England).
Hisano, Y., Sakuma, T., Nakade, S., Ohga, R., Ota, S., Okamoto, H., Yamamoto, T., Kawahara,
A., 2015. Precise in-frame integration of exogenous DNA mediated by CRISPR/Cas9 system in
zebrafish. Scientific reports 5, 8841.
178

Hoffman, T.L., Javier, A.L., Campeau, S.A., Knight, R.D., Schilling, T.F., 2007. Tfap2
transcription factors in zebrafish neural crest development and ectodermal evolution. Journal of
experimental zoology. Part B, Molecular and developmental evolution 308, 679-691.
Holly, V.L., Widen, S.A., Famulski, J.K., Waskiewicz, A.J., 2014. Sfrp1a and Sfrp5 function as
positive regulators of Wnt and BMP signaling during early retinal development. Developmental
biology 388, 192-204.
Hornby, S.J., Gilbert, C.E., Rahi, J.K., Sil, A.K., Xiao, Y., Dandona, L., Foster, A., 2000.
Regional variation in blindness in children due to microphthalmos, anophthalmos and coloboma.
Ophthalmic epidemiology 7, 127-138.
Horsford, D.J., Nguyen, M.T., Sellar, G.C., Kothary, R., Arnheiter, H., McInnes, R.R., 2005.
Chx10 repression of Mitf is required for the maintenance of mammalian neuroretinal identity.
Development (Cambridge, England) 132, 177-187.
Hoser, M., Potzner, M.R., Koch, J.M., Bosl, M.R., Wegner, M., Sock, E., 2008. Sox12 deletion in
the mouse reveals nonreciprocal redundancy with the related Sox4 and Sox11 transcription
factors. Molecular and cellular biology 28, 4675-4687.
Hruscha, A., Krawitz, P., Rechenberg, A., Heinrich, V., Hecht, J., Haass, C., Schmid, B., 2013.
Efficient CRISPR/Cas9 genome editing with low off-target effects in zebrafish. Development
(Cambridge, England) 140, 4982-4987.
Huang, J., Liu, Y., Filas, B., Gunhaga, L., Beebe, D.C., 2015. Negative and positive autoregulation of BMP expression in early eye development. Developmental biology.
Huang, P., Zhu, Z., Lin, S., Zhang, B., 2012. Reverse genetic approaches in zebrafish. Journal of
genetics and genomics = Yi chuan xue bao 39, 421-433.
Huangfu, D., Anderson, K.V., 2005. Cilia and Hedgehog responsiveness in the mouse.
Proceedings of the National Academy of Sciences of the United States of America 102, 1132511330.
Huh, S., Hatini, V., Marcus, R.C., Li, S.C., Lai, E., 1999. Dorsal-ventral patterning defects in the
eye of BF-1-deficient mice associated with a restricted loss of shh expression. Developmental
biology 211, 53-63.
Hui, C.C., Angers, S., 2011. Gli proteins in development and disease. Annual review of cell and
developmental biology 27, 513-537.
Hunt, S.M., Clarke, C.L., 1999. Expression and hormonal regulation of the Sox4 gene in mouse
female reproductive tissues. Biology of reproduction 61, 476-481.
Hur, E.H., Hur, W., Choi, J.Y., Kim, I.K., Kim, H.Y., Yoon, S.K., Rhim, H., 2004. Functional
identification of the pro-apoptotic effector domain in human Sox4. Biochemical and biophysical
research communications 325, 59-67.
Hur, W., Rhim, H., Jung, C.K., Kim, J.D., Bae, S.H., Jang, J.W., Yang, J.M., Oh, S.T., Kim,
D.G., Wang, H.J., Lee, S.B., Yoon, S.K., 2010. SOX4 overexpression regulates the p53-mediated
apoptosis in hepatocellular carcinoma: clinical implication and functional analysis in vitro.
Carcinogenesis 31, 1298-1307.
Hwang, W.Y., Fu, Y., Reyon, D., Maeder, M.L., Tsai, S.Q., Sander, J.D., Peterson, R.T., Yeh,
J.R., Joung, J.K., 2013. Efficient genome editing in zebrafish using a CRISPR-Cas system.
Nature biotechnology 31, 227-229.
Ikeda, Y., Yonemitsu, Y., Onimaru, M., Nakano, T., Miyazaki, M., Kohno, R., Nakagawa, K.,
Ueno, A., Sueishi, K., Ishibashi, T., 2006. The regulation of vascular endothelial growth factors
(VEGF-A, -C, and -D) expression in the retinal pigment epithelium. Experimental eye research
83, 1031-1040.
Ingham, P.W., McMahon, A.P., 2001. Hedgehog signaling in animal development: paradigms
and principles. Genes Dev 15, 3059-3087.
Inoue, T., Nakamura, S., Osumi, N., 2000. Fate mapping of the mouse prosencephalic neural
plate. Developmental biology 219, 373-383.

179

Ishino, Y., Shinagawa, H., Makino, K., Amemura, M., Nakata, A., 1987. Nucleotide sequence of
the iap gene, responsible for alkaline phosphatase isozyme conversion in Escherichia coli, and
identification of the gene product. Journal of Bacteriology 169, 5429-5433.
Ivanovitch, K., Cavodeassi, F., Wilson, S.W., 2013. Precocious acquisition of neuroepithelial
character in the eye field underlies the onset of eye morphogenesis. Developmental cell 27, 293305.
Jadhav, A.P., Cho, S.H., Cepko, C.L., 2006. Notch activity permits retinal cells to progress
through multiple progenitor states and acquire a stem cell property. Proceedings of the National
Academy of Sciences of the United States of America 103, 18998-19003.
Jadhav, A.P., Roesch, K., Cepko, C.L., 2009. Development and neurogenic potential of Muller
glial cells in the vertebrate retina. Progress in retinal and eye research 28, 249-262.
Jamieson, R.V., Perveen, R., Kerr, B., Carette, M., Yardley, J., Heon, E., Wirth, M.G., van
Heyningen, V., Donnai, D., Munier, F., Black, G.C., 2002. Domain disruption and mutation of
the bZIP transcription factor, MAF, associated with cataract, ocular anterior segment dysgenesis
and coloboma. Human molecular genetics 11, 33-42.
Jang, S.M., Kang, E.J., Kim, J.W., Kim, C.H., An, J.H., Choi, K.H., 2013. Transcription factor
Sox4 is required for PUMA-mediated apoptosis induced by histone deacetylase inhibitor, TSA.
Biochemical and biophysical research communications 438, 445-451.
Jankowski, M.P., Cornuet, P.K., McIlwrath, S., Koerber, H.R., Albers, K.M., 2006. SRY-box
containing gene 11 (Sox11) transcription factor is required for neuron survival and neurite
growth. Neuroscience 143, 501-514.
Jansen, R., Embden, J.D., Gaastra, W., Schouls, L.M., 2002. Identification of genes that are
associated with DNA repeats in prokaryotes. Molecular microbiology 43, 1565-1575.
Jao, L.E., Wente, S.R., Chen, W., 2013. Efficient multiplex biallelic zebrafish genome editing
using a CRISPR nuclease system. Proceedings of the National Academy of Sciences of the
United States of America 110, 13904-13909.
Jarman, A.P., Sun, Y., Jan, L.Y., Jan, Y.N., 1995. Role of the proneural gene, atonal, in formation
of Drosophila chordotonal organs and photoreceptors. Development (Cambridge, England) 121,
2019-2030.
Jensen, A.M., Wallace, V.A., 1997. Expression of Sonic hedgehog and its putative role as a
precursor cell mitogen in the developing mouse retina. Development (Cambridge, England) 124,
363-371.
Jiang, W., Zhou, H., Bi, H., Fromm, M., Yang, B., Weeks, D.P., 2013a. Demonstration of
CRISPR/Cas9/sgRNA-mediated targeted gene modification in Arabidopsis, tobacco, sorghum
and rice. Nucleic acids research 41, e188.
Jiang, Y., Ding, Q., Xie, X., Libby, R.T., Lefebvre, V., Gan, L., 2013b. Transcription factors
SOX4 and SOX11 function redundantly to regulate the development of mouse retinal ganglion
cells. The Journal of biological chemistry 288, 18429-18438.
Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A., Charpentier, E., 2012. A
programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science
337, 816-821.
Johns, P.R., 1977. Growth of the adult goldfish eye. III. Source of the new retinal cells. The
Journal of comparative neurology 176, 343-357.
Johns, P.R., 1982. Formation of photoreceptors in larval and adult goldfish. The Journal of
neuroscience : the official journal of the Society for Neuroscience 2, 178-198.
Johns, P.R., Fernald, R.D., 1981. Genesis of rods in teleost fish retina. Nature 293, 141-142.
Julian, D., Ennis, K., Korenbrot, J.I., 1998. Birth and fate of proliferative cells in the inner
nuclear layer of the mature fish retina. The Journal of comparative neurology 394, 271-282.
Kamachi, Y., Uchikawa, M., Tanouchi, A., Sekido, R., Kondoh, H., 2001. Pax6 and SOX2 form a
co-DNA-binding partner complex that regulates initiation of lens development. Genes Dev 15,
1272-1286.
180

Kanda, H., Kojima, M., Miyamoto, N., Ito, M., Takamatsu, N., Yamashita, S., Shiba, T., 1998.
Rainbow trout Sox24, a novel member of the Sox family, is a transcriptional regulator during
oogenesis. Gene 211, 251-257.
Karlstrom, R.O., Tyurina, O.V., Kawakami, A., Nishioka, N., Talbot, W.S., Sasaki, H., Schier,
A.F., 2003. Genetic analysis of zebrafish gli1 and gli2 reveals divergent requirements for gli
genes in vertebrate development. Development (Cambridge, England) 130, 1549-1564.
Kay, J.N., Finger-Baier, K.C., Roeser, T., Staub, W., Baier, H., 2001. Retinal ganglion cell
genesis requires lakritz, a Zebrafish atonal Homolog. Neuron 30, 725-736.
Kay, J.N., Link, B.A., Baier, H., 2005. Staggered cell-intrinsic timing of ath5 expression
underlies the wave of ganglion cell neurogenesis in the zebrafish retina. Development
(Cambridge, England) 132, 2573-2585.
Keller, P.J., Schmidt, A.D., Wittbrodt, J., Stelzer, E.H., 2008. Reconstruction of zebrafish early
embryonic development by scanned light sheet microscopy. Science 322, 1065-1069.
Kim, K.H., Roberts, C.W., 2013. CHD7 in charge of neurogenesis. Cell stem cell 13, 1-2.
Kim, T.H., Goodman, J., Anderson, K.V., Niswander, L., 2007. Phactr4 regulates neural tube and
optic fissure closure by controlling PP1-, Rb-, and E2F1-regulated cell-cycle progression.
Developmental cell 13, 87-102.
Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., Schilling, T.F., 1995. Stages of
embryonic development of the zebrafish. Developmental dynamics : an official publication of the
American Association of Anatomists 203, 253-310.
Kohtz, J.D., Lee, H.Y., Gaiano, N., Segal, J., Ng, E., Larson, T., Baker, D.P., Garber, E.A.,
Williams, K.P., Fishell, G., 2001. N-terminal fatty-acylation of sonic hedgehog enhances the
induction of rodent ventral forebrain neurons. Development (Cambridge, England) 128, 23512363.
Koopman, P., Gubbay, J., Vivian, N., Goodfellow, P., Lovell-Badge, R., 1991. Male development
of chromosomally female mice transgenic for Sry. Nature 351, 117-121.
Koshiba-Takeuchi, K., Takeuchi, J.K., Matsumoto, K., Momose, T., Uno, K., Hoepker, V.,
Ogura, K., Takahashi, N., Nakamura, H., Yasuda, K., Ogura, T., 2000. Tbx5 and the retinotectum
projection. Science 287, 134-137.
Kosinski, C., Stange, D.E., Xu, C., Chan, A.S., Ho, C., Yuen, S.T., Mifflin, R.C., Powell, D.W.,
Clevers, H., Leung, S.Y., Chen, X., 2010. Indian hedgehog regulates intestinal stem cell fate
through epithelial-mesenchymal interactions during development. Gastroenterology 139, 893903.
Kozlowski, K., Walter, M.A., 2000. Variation in residual PITX2 activity underlies the phenotypic
spectrum of anterior segment developmental disorders. Human molecular genetics 9, 2131-2139.
Kramer, C., Mayr, T., Nowak, M., Schumacher, J., Runke, G., Bauer, H., Wagner, D.S., Schmid,
B., Imai, Y., Talbot, W.S., Mullins, M.C., Hammerschmidt, M., 2002. Maternally supplied
Smad5 is required for ventral specification in zebrafish embryos prior to zygotic Bmp signaling.
Developmental biology 250, 263-279.
Krauss, S., Concordet, J.P., Ingham, P.W., 1993. A functionally conserved homolog of the
Drosophila segment polarity gene hh is expressed in tissues with polarizing activity in zebrafish
embryos. Cell 75, 1431-1444.
Kumar, J.P., 2001. Signalling pathways in Drosophila and vertebrate retinal development. Nature
reviews. Genetics 2, 846-857.
Kumar, S., Balczarek, K.A., Lai, Z.C., 1996. Evolution of the hedgehog gene family. Genetics
142, 965-972.
Kwan, K.M., Otsuna, H., Kidokoro, H., Carney, K.R., Saijoh, Y., Chien, C.B., 2012. A complex
choreography of cell movements shapes the vertebrate eye. Development (Cambridge, England)
139, 359-372.
Lagutina, I.V., Valentine, V., Picchione, F., Harwood, F., Valentine, M.B., Villarejo-Balcells, B.,
Carvajal, J.J., Grosveld, G.C., 2015. Modeling of the human alveolar rhabdomyosarcoma Pax3181

Foxo1 chromosome translocation in mouse myoblasts using CRISPR-Cas9 nuclease. PLoS
genetics 11, e1004951.
Lalani, S.R., Hefner, M.A., Belmont, J.W., Davenport, S.L.H., 1993. CHARGE Syndrome, in:
Pagon, R.A., Adam, M.P., Ardinger, H.H., Wallace, S.E., Amemiya, A., Bean, L.J.H., Bird, T.D.,
Fong, C.T., Mefford, H.C., Smith, R.J.H., Stephens, K. (Eds.), GeneReviews(R). University of
Washington, Seattle
University of Washington, Seattle. All rights reserved., Seattle (WA).
Lang, R.A., 2004. Pathways regulating lens induction in the mouse. The International journal of
developmental biology 48, 783-791.
Lee, J., Cox, B.D., Daly, C.M., Lee, C., Nuckels, R.J., Tittle, R.K., Uribe, R.A., Gross, J.M.,
2012. An ENU mutagenesis screen in zebrafish for visual system mutants identifies a novel
splice-acceptor site mutation in patched2 that results in Colobomas. Investigative ophthalmology
& visual science 53, 8214-8221.
Lee, J., Gross, J.M., 2007. Laminin beta1 and gamma1 containing laminins are essential for
basement membrane integrity in the zebrafish eye. Investigative ophthalmology & visual science
48, 2483-2490.
Lee, J., Platt, K.A., Censullo, P., Ruiz i Altaba, A., 1997. Gli1 is a target of Sonic hedgehog that
induces ventral neural tube development. Development (Cambridge, England) 124, 2537-2552.
Lee, J., Willer, J.R., Willer, G.B., Smith, K., Gregg, R.G., Gross, J.M., 2008. Zebrafish blowout
provides genetic evidence for Patched1-mediated negative regulation of Hedgehog signaling
within the proximal optic vesicle of the vertebrate eye. Developmental biology 319, 10-22.
Lee, J.J., von Kessler, D.P., Parks, S., Beachy, P.A., 1992. Secretion and localized transcription
suggest a role in positional signaling for products of the segmentation gene hedgehog. Cell 71,
33-50.
Levine, E.M., Roelink, H., Turner, J., Reh, T.A., 1997. Sonic hedgehog promotes rod
photoreceptor differentiation in mammalian retinal cells in vitro. The Journal of neuroscience :
the official journal of the Society for Neuroscience 17, 6277-6288.
Lewis, K.E., Bates, J., Eisen, J.S., 2005. Regulation of iro3 expression in the zebrafish spinal
cord. Developmental dynamics : an official publication of the American Association of
Anatomists 232, 140-148.
Lewis, P.M., Dunn, M.P., McMahon, J.A., Logan, M., Martin, J.F., St-Jacques, B., McMahon,
A.P., 2001. Cholesterol modification of sonic hedgehog is required for long-range signaling
activity and effective modulation of signaling by Ptc1. Cell 105, 599-612.
Li, H., Tierney, C., Wen, L., Wu, J.Y., Rao, Y., 1997. A single morphogenetic field gives rise to
two retina primordia under the influence of the prechordal plate. Development (Cambridge,
England) 124, 603-615.
Li, Z., Joseph, N.M., Easter, S.S., Jr., 2000. The morphogenesis of the zebrafish eye, including a
fate map of the optic vesicle. Developmental dynamics : an official publication of the American
Association of Anatomists 218, 175-188.
Liem, K.F., Jr., He, M., Ocbina, P.J., Anderson, K.V., 2009. Mouse Kif7/Costal2 is a ciliaassociated protein that regulates Sonic hedgehog signaling. Proceedings of the National Academy
of Sciences of the United States of America 106, 13377-13382.
Liu, C., Bakeri, H., Li, T., Swaroop, A., 2012. Regulation of retinal progenitor expansion by
Frizzled receptors: implications for microphthalmia and retinal coloboma. Human molecular
genetics 21, 1848-1860.
Liu, W., Mo, Z., Xiang, M., 2001a. The Ath5 proneural genes function upstream of Brn3 POU
domain transcription factor genes to promote retinal ganglion cell development. Proceedings of
the National Academy of Sciences of the United States of America 98, 1649-1654.

182

Liu, Y., Shen, Y., Rest, J.S., Raymond, P.A., Zack, D.J., 2001b. Isolation and characterization of
a zebrafish homologue of the cone rod homeobox gene. Investigative ophthalmology & visual
science 42, 481-487.
Livesey, F.J., Cepko, C.L., 2001. Vertebrate neural cell-fate determination: lessons from the
retina. Nature reviews. Neuroscience 2, 109-118.
Locker, M., Agathocleous, M., Amato, M.A., Parain, K., Harris, W.A., Perron, M., 2006.
Hedgehog signaling and the retina: insights into the mechanisms controlling the proliferative
properties of neural precursors. Genes Dev 20, 3036-3048.
Loosli, F., Koster, R.W., Carl, M., Krone, A., Wittbrodt, J., 1998. Six3, a medaka homologue of
the Drosophila homeobox gene sine oculis is expressed in the anterior embryonic shield and the
developing eye. Mechanisms of development 74, 159-164.
Loosli, F., Staub, W., Finger-Baier, K.C., Ober, E.A., Verkade, H., Wittbrodt, J., Baier, H., 2003.
Loss of eyes in zebrafish caused by mutation of chokh/rx3. EMBO reports 4, 894-899.
Lupo, G., Gestri, G., O'Brien, M., Denton, R.M., Chandraratna, R.A., Ley, S.V., Harris, W.A.,
Wilson, S.W., 2011. Retinoic acid receptor signaling regulates choroid fissure closure through
independent mechanisms in the ventral optic cup and periocular mesenchyme. Proceedings of the
National Academy of Sciences of the United States of America 108, 8698-8703.
Lupo, G., Liu, Y., Qiu, R., Chandraratna, R.A., Barsacchi, G., He, R.Q., Harris, W.A., 2005.
Dorsoventral patterning of the Xenopus eye: a collaboration of Retinoid, Hedgehog and FGF
receptor signaling. Development (Cambridge, England) 132, 1737-1748.
Macdonald, R., Barth, K.A., Xu, Q., Holder, N., Mikkola, I., Wilson, S.W., 1995. Midline
signalling is required for Pax gene regulation and patterning of the eyes. Development
(Cambridge, England) 121, 3267-3278.
Maden, M., Blentic, A., Reijntjes, S., Seguin, S., Gale, E., Graham, A., 2007. Retinoic acid is
required for specification of the ventral eye field and for Rathke's pouch in the avian embryo. The
International journal of developmental biology 51, 191-200.
Makarova, K.S., Haft, D.H., Barrangou, R., Brouns, S.J., Charpentier, E., Horvath, P., Moineau,
S., Mojica, F.J., Wolf, Y.I., Yakunin, A.F., van der Oost, J., Koonin, E.V., 2011. Evolution and
classification of the CRISPR-Cas systems. Nature reviews. Microbiology 9, 467-477.
Mali, P., Yang, L., Esvelt, K.M., Aach, J., Guell, M., DiCarlo, J.E., Norville, J.E., Church, G.M.,
2013. RNA-guided human genome engineering via Cas9. Science 339, 823-826.
Malicki, J., Neuhauss, S.C., Schier, A.F., Solnica-Krezel, L., Stemple, D.L., Stainier, D.Y.,
Abdelilah, S., Zwartkruis, F., Rangini, Z., Driever, W., 1996. Mutations affecting development of
the zebrafish retina. Development (Cambridge, England) 123, 263-273.
Manning, L., Ohyama, K., Saeger, B., Hatano, O., Wilson, S.A., Logan, M., Placzek, M., 2006.
Regional morphogenesis in the hypothalamus: a BMP-Tbx2 pathway coordinates fate and
proliferation through Shh downregulation. Developmental cell 11, 873-885.
Manolescu, D.C., Sima, A., Bhat, P.V., 2010. All-trans retinoic acid lowers serum retinol-binding
protein 4 concentrations and increases insulin sensitivity in diabetic mice. The Journal of nutrition
140, 311-316.
Marraffini, L.A., Sontheimer, E.J., 2008. CRISPR interference limits horizontal gene transfer in
staphylococci by targeting DNA. Science 322, 1843-1845.
Marti, E., Bovolenta, P., 2002. Sonic hedgehog in CNS development: one signal, multiple
outputs. Trends in neurosciences 25, 89-96.
Martinez-Morales, J.R., Del Bene, F., Nica, G., Hammerschmidt, M., Bovolenta, P., Wittbrodt, J.,
2005. Differentiation of the vertebrate retina is coordinated by an FGF signaling center.
Developmental cell 8, 565-574.
Martinez-Morales, J.R., Dolez, V., Rodrigo, I., Zaccarini, R., Leconte, L., Bovolenta, P., Saule,
S., 2003. OTX2 activates the molecular network underlying retina pigment epithelium
differentiation. The Journal of biological chemistry 278, 21721-21731.

183

Martinez-Morales, J.R., Rembold, M., Greger, K., Simpson, J.C., Brown, K.E., Quiring, R.,
Pepperkok, R., Martin-Bermudo, M.D., Himmelbauer, H., Wittbrodt, J., 2009. ojoplano-mediated
basal constriction is essential for optic cup morphogenesis. Development (Cambridge, England)
136, 2165-2175.
Martinez-Morales, J.R., Wittbrodt, J., 2009. Shaping the vertebrate eye. Current opinion in
genetics & development 19, 511-517.
Masai, I., Lele, Z., Yamaguchi, M., Komori, A., Nakata, A., Nishiwaki, Y., Wada, H., Tanaka,
H., Nojima, Y., Hammerschmidt, M., Wilson, S.W., Okamoto, H., 2003. N-cadherin mediates
retinal lamination, maintenance of forebrain compartments and patterning of retinal neurites.
Development (Cambridge, England) 130, 2479-2494.
Masai, I., Stemple, D.L., Okamoto, H., Wilson, S.W., 2000. Midline signals regulate retinal
neurogenesis in zebrafish. Neuron 27, 251-263.
Masai, I., Yamaguchi, M., Tonou-Fujimori, N., Komori, A., Okamoto, H., 2005. The hedgehogPKA pathway regulates two distinct steps of the differentiation of retinal ganglion cells: the cellcycle exit of retinoblasts and their neuronal maturation. Development (Cambridge, England) 132,
1539-1553.
Maschhoff, K.L., Anziano, P.Q., Ward, P., Baldwin, H.S., 2003. Conservation of Sox4 gene
structure and expression during chicken embryogenesis. Gene 320, 23-30.
Masuda, T., Wahlin, K., Wan, J., Hu, J., Maruotti, J., Yang, X., Iacovelli, J., Wolkow, N., Kist,
R., Dunaief, J.L., Qian, J., Zack, D.J., Esumi, N., 2014. Transcription factor SOX9 plays a key
role in the regulation of visual cycle gene expression in the retinal pigment epithelium. The
Journal of biological chemistry 289, 12908-12921.
Matt, N., Ghyselinck, N.B., Pellerin, I., Dupe, V., 2008. Impairing retinoic acid signalling in the
neural crest cells is sufficient to alter entire eye morphogenesis. Developmental biology 320, 140148.
Mavropoulos, A., Devos, N., Biemar, F., Zecchin, E., Argenton, F., Edlund, H., Motte, P.,
Martial, J.A., Peers, B., 2005. sox4b is a key player of pancreatic alpha cell differentiation in
zebrafish. Developmental biology 285, 211-223.
Memberg, S.P., Hall, A.K., 1995. Dividing neuron precursors express neuron-specific tubulin.
Journal of neurobiology 27, 26-43.
Milenkovic, L., Scott, M.P., Rohatgi, R., 2009. Lateral transport of Smoothened from the plasma
membrane to the membrane of the cilium. The Journal of cell biology 187, 365-374.
Mohler, J., Vani, K., 1992. Molecular organization and embryonic expression of the hedgehog
gene involved in cell-cell communication in segmental patterning of Drosophila. Development
(Cambridge, England) 115, 957-971.
Mojica, F.J., Diez-Villasenor, C., Garcia-Martinez, J., Almendros, C., 2009. Short motif
sequences determine the targets of the prokaryotic CRISPR defence system. Microbiology
(Reading, England) 155, 733-740.
Mojica, F.J., Diez-Villasenor, C., Garcia-Martinez, J., Soria, E., 2005. Intervening sequences of
regularly spaced prokaryotic repeats derive from foreign genetic elements. Journal of molecular
evolution 60, 174-182.
Montgomery, J.E., Parsons, M.J., Hyde, D.R., 2010. A novel model of retinal ablation
demonstrates that the extent of rod cell death regulates the origin of the regenerated zebrafish rod
photoreceptors. The Journal of comparative neurology 518, 800-814.
Moore, K.B., Mood, K., Daar, I.O., Moody, S.A., 2004. Morphogenetic movements underlying
eye field formation require interactions between the FGF and ephrinB1 signaling pathways.
Developmental cell 6, 55-67.
Moosajee, M., Gregory-Evans, K., Ellis, C.D., Seabra, M.C., Gregory-Evans, C.Y., 2008.
Translational bypass of nonsense mutations in zebrafish rep1, pax2.1 and lamb1 highlights a
viable therapeutic option for untreatable genetic eye disease. Human molecular genetics 17, 39874000.
184

Morcillo, J., Martinez-Morales, J.R., Trousse, F., Fermin, Y., Sowden, J.C., Bovolenta, P., 2006.
Proper patterning of the optic fissure requires the sequential activity of BMP7 and SHH.
Development (Cambridge, England) 133, 3179-3190.
Moreno, C.S., 2010. The Sex-determining region Y-box 4 and homeobox C6 transcriptional
networks in prostate cancer progression: crosstalk with the Wnt, Notch, and PI3K pathways. Am
J Pathol 176, 518-527.
Morris, A.C., 2011. The genetics of ocular disorders: insights from the zebrafish. Birth defects
research. Part C, Embryo today : reviews 93, 215-228.
Morris, A.C., Forbes-Osborne, M.A., Pillai, L.S., Fadool, J.M., 2011a. Microarray analysis of
XOPS-mCFP zebrafish retina identifies genes associated with rod photoreceptor degeneration and
regeneration. Investigative ophthalmology & visual science 52, 2255-2266.
Morris, A.C., Forbes-Osborne, M.A., Pillai, L.S., Fadool, J.M., 2011b. Microarray Analysis of
XOPS-mCFP Zebrafish Retina Identifies Genes Associated with Rod Photoreceptor Degeneration
and Regeneration. Investigative Ophthalmology & Visual Science 52, 2255-2266.
Morris, A.C., Scholz, T., Fadool, J.M., 2008a. Rod progenitor cells in the mature zebrafish retina.
Advances in experimental medicine and biology 613, 361-368.
Morris, A.C., Scholz, T.L., Brockerhoff, S.E., Fadool, J.M., 2008b. Genetic dissection reveals
two separate pathways for rod and cone regeneration in the teleost retina. Developmental
neurobiology 68, 605-619.
Morris, A.C., Schroeter, E.H., Bilotta, J., Wong, R.O., Fadool, J.M., 2005. Cone survival despite
rod degeneration in XOPS-mCFP transgenic zebrafish. Investigative ophthalmology & visual
science 46, 4762-4771.
Morrison, D.A., FitzPatrick, D.R., Fleck, B.W., 2000. Iris coloboma with iris heterochromia: a
common association. Archives of ophthalmology 118, 1590-1591.
Moshiri, A., Reh, T.A., 2004. Persistent progenitors at the retinal margin of ptc+/- mice. The
Journal of neuroscience : the official journal of the Society for Neuroscience 24, 229-237.
Mu, L., Berti, L., Masserdotti, G., Covic, M., Michaelidis, T.M., Doberauer, K., Merz, K.,
Rehfeld, F., Haslinger, A., Wegner, M., Sock, E., Lefebvre, V., Couillard-Despres, S., Aigner, L.,
Berninger, B., Lie, D.C., 2012. SoxC transcription factors are required for neuronal
differentiation in adult hippocampal neurogenesis. The Journal of neuroscience : the official
journal of the Society for Neuroscience 32, 3067-3080.
Mukhopadhyay, A., Krishnaswami, S.R., Cowing-Zitron, C., Hung, N.J., Reilly-Rhoten, H.,
Burns, J., Yu, B.D., 2013. Negative regulation of Shh levels by Kras and Fgfr2 during hair
follicle development. Developmental biology 373, 373-382.
Muller, F., Albert, S., Blader, P., Fischer, N., Hallonet, M., Strahle, U., 2000. Direct action of the
nodal-related signal cyclops in induction of sonic hedgehog in the ventral midline of the CNS.
Development (Cambridge, England) 127, 3889-3897.
Muller, F., Rohrer, H., Vogel-Hopker, A., 2007. Bone morphogenetic proteins specify the retinal
pigment epithelium in the chick embryo. Development (Cambridge, England) 134, 3483-3493.
Muto, A., Iida, A., Satoh, S., Watanabe, S., 2009. The group E Sox genes Sox8 and Sox9 are
regulated by Notch signaling and are required for Muller glial cell development in mouse retina.
Experimental eye research 89, 549-558.
Nakano, Y., Guerrero, I., Hidalgo, A., Taylor, A., Whittle, J.R., Ingham, P.W., 1989. A protein
with several possible membrane-spanning domains encoded by the Drosophila segment polarity
gene patched. Nature 341, 508-513.
Nakayama, Y., Miyake, A., Nakagawa, Y., Mido, T., Yoshikawa, M., Konishi, M., Itoh, N., 2008.
Fgf19 is required for zebrafish lens and retina development. Developmental biology 313, 752766.
Nasevicius, A., Ekker, S.C., 2000. Effective targeted gene 'knockdown' in zebrafish. Nature
genetics 26, 216-220.

185

Nelson, S.M., Frey, R.A., Wardwell, S.L., Stenkamp, D.L., 2008. The developmental sequence of
gene expression within the rod photoreceptor lineage in embryonic zebrafish. Developmental
dynamics : an official publication of the American Association of Anatomists 237, 2903-2917.
Neuhauss, S.C., Biehlmaier, O., Seeliger, M.W., Das, T., Kohler, K., Harris, W.A., Baier, H.,
1999. Genetic disorders of vision revealed by a behavioral screen of 400 essential loci in
zebrafish. The Journal of neuroscience : the official journal of the Society for Neuroscience 19,
8603-8615.
Neumann, C.J., 2000. Patterning of the Zebrafish Retina by a Wave of Sonic Hedgehog Activity.
Science 289, 2137-2139.
Nishida, A., Furukawa, A., Koike, C., Tano, Y., Aizawa, S., Matsuo, I., Furukawa, T., 2003. Otx2
homeobox gene controls retinal photoreceptor cell fate and pineal gland development. Nature
neuroscience 6, 1255-1263.
Nusslein-Volhard, C., Wieschaus, E., 1980. Mutations affecting segment number and polarity in
Drosophila. Nature 287, 795-801.
Ochocinska, M.J., Hitchcock, P.F., 2007. Dynamic expression of the basic helix-loop-helix
transcription factor neuroD in the rod and cone photoreceptor lineages in the retina of the
embryonic and larval zebrafish. The Journal of comparative neurology 501, 1-12.
Ohsawa, R., Kageyama, R., 2008. Regulation of retinal cell fate specification by multiple
transcription factors. Brain research 1192, 90-98.
Orioli, I.M., Amar, E., Bakker, M.K., Bermejo-Sanchez, E., Bianchi, F., Canfield, M.A.,
Clementi, M., Correa, A., Csaky-Szunyogh, M., Feldkamp, M.L., Landau, D., Leoncini, E., Li,
Z., Lowry, R.B., Mastroiacovo, P., Morgan, M., Mutchinick, O.M., Rissmann, A., Ritvanen, A.,
Scarano, G., Szabova, E., Castilla, E.E., 2011. Cyclopia: an epidemiologic study in a large dataset
from the International Clearinghouse of Birth Defects Surveillance and Research. American
journal of medical genetics. Part C, Seminars in medical genetics 157c, 344-357.
Oron-Karni, V., Farhy, C., Elgart, M., Marquardt, T., Remizova, L., Yaron, O., Xie, Q., Cvekl,
A., Ashery-Padan, R., 2008. Dual requirement for Pax6 in retinal progenitor cells. Development
(Cambridge, England) 135, 4037-4047.
Ota, S., Hisano, Y., Ikawa, Y., Kawahara, A., 2014. Multiple genome modifications by the
CRISPR/Cas9 system in zebrafish. Genes to cells : devoted to molecular & cellular mechanisms
19, 555-564.
Otteson, D.C., D'Costa, A.R., Hitchcock, P.F., 2001. Putative stem cells and the lineage of rod
photoreceptors in the mature retina of the goldfish. Developmental biology 232, 62-76.
Pan, X., Zhao, J., Zhang, W.N., Li, H.Y., Mu, R., Zhou, T., Zhang, H.Y., Gong, W.L., Yu, M.,
Man, J.H., Zhang, P.J., Li, A.L., Zhang, X.M., 2009. Induction of SOX4 by DNA damage is
critical for p53 stabilization and function. Proceedings of the National Academy of Sciences of
the United States of America 106, 3788-3793.
Panakova, D., Sprong, H., Marois, E., Thiele, C., Eaton, S., 2005. Lipoprotein particles are
required for Hedgehog and Wingless signalling. Nature 435, 58-65.
Park, H.L., Bai, C., Platt, K.A., Matise, M.P., Beeghly, A., Hui, C.C., Nakashima, M., Joyner,
A.L., 2000. Mouse Gli1 mutants are viable but have defects in SHH signaling in combination
with a Gli2 mutation. Development (Cambridge, England) 127, 1593-1605.
Pathi, S., Rutenberg, J.B., Johnson, R.L., Vortkamp, A., 1999. Interaction of Ihh and
BMP/Noggin signaling during cartilage differentiation. Developmental biology 209, 239-253.
Paul, M.H., Harvey, R.P., Wegner, M., Sock, E., 2013. Cardiac outflow tract development relies
on the complex function of Sox4 and Sox11 in multiple cell types. Cellular and molecular life
sciences : CMLS.
Pei, W., Feldman, B., 2009. Identification of common and unique modifiers of zebrafish midline
bifurcation and cyclopia. Developmental biology 326, 201-211.
Penzo-Mendez, A.I., 2010. Critical roles for SoxC transcription factors in development and
cancer. The international journal of biochemistry & cell biology 42, 425-428.
186

Pera, E.M., Kessel, M., 1997. Patterning of the chick forebrain anlage by the prechordal plate.
Development (Cambridge, England) 124, 4153-4162.
Perron, M., 2003. A novel function for Hedgehog signalling in retinal pigment epithelium
differentiation. Development (Cambridge, England) 130, 1565-1577.
Peters, M.A., 2002. Patterning the neural retina. Current opinion in neurobiology 12, 43-48.
Picker, A., Cavodeassi, F., Machate, A., Bernauer, S., Hans, S., Abe, G., Kawakami, K., Wilson,
S.W., Brand, M., 2009. Dynamic coupling of pattern formation and morphogenesis in the
developing vertebrate retina. PLoS biology 7, e1000214.
Pillai-Kastoori, L., Wen, W., Wilson, S.G., Strachan, E., Lo-Castro, A., Fichera, M., Musumeci,
S.A., Lehmann, O.J., Morris, A.C., 2014. Sox11 Is Required to Maintain Proper Levels of
Hedgehog Signaling during Vertebrate Ocular Morphogenesis. PLoS genetics 10, e1004491.
Porges, Y., Gershoni-Baruch, R., Leibu, R., Goldscher, D., Zonis, S., Shapira, I., Miller, B., 1992.
Hereditary microphthalmia with colobomatous cyst. American journal of ophthalmology 114, 3034.
Potzner, M.R., Tsarovina, K., Binder, E., Penzo-Mendez, A., Lefebvre, V., Rohrer, H., Wegner,
M., Sock, E., 2010. Sequential requirement of Sox4 and Sox11 during development of the
sympathetic nervous system. Development (Cambridge, England) 137, 775-784.
Pourcel, C., Salvignol, G., Vergnaud, G., 2005. CRISPR elements in Yersinia pestis acquire new
repeats by preferential uptake of bacteriophage DNA, and provide additional tools for
evolutionary studies. Microbiology (Reading, England) 151, 653-663.
Pramoonjago, P., Baras, A.S., Moskaluk, C.A., 2006. Knockdown of Sox4 expression by RNAi
induces apoptosis in ACC3 cells. Oncogene 25, 5626-5639.
Pul, U., Wurm, R., Arslan, Z., Geissen, R., Hofmann, N., Wagner, R., 2010. Identification and
characterization of E. coli CRISPR-cas promoters and their silencing by H-NS. Molecular
microbiology 75, 1495-1512.
Quiring, R., Walldorf, U., Kloter, U., Gehring, W.J., 1994. Homology of the eyeless gene of
Drosophila to the Small eye gene in mice and Aniridia in humans. Science 265, 785-789.
Quiroz, Y., Lopez, M., Mavropoulos, A., Motte, P., Martial, J.A., Hammerschmidt, M., Muller,
M., 2012. The HMG-box transcription factor Sox4b is required for pituitary expression of gata2a
and specification of thyrotrope and gonadotrope cells in zebrafish. Molecular endocrinology
(Baltimore, Md.) 26, 1014-1027.
Raviv, S., Bharti, K., Rencus-Lazar, S., Cohen-Tayar, Y., Schyr, R., Evantal, N., Meshorer, E.,
Zilberberg, A., Idelson, M., Reubinoff, B., Grebe, R., Rosin-Arbesfeld, R., Lauderdale, J., Lutty,
G., Arnheiter, H., Ashery-Padan, R., 2014. PAX6 regulates melanogenesis in the retinal
pigmented epithelium through feed-forward regulatory interactions with MITF. PLoS genetics 10,
e1004360.
Raymond, P.A., 1986. Movement of retinal terminals in goldfish optic tectum predicted by
analysis of neuronal proliferation. The Journal of neuroscience : the official journal of the Society
for Neuroscience 6, 2479-2488.
Raymond, P.A., Barthel, L.K., Bernardos, R.L., Perkowski, J.J., 2006. Molecular characterization
of retinal stem cells and their niches in adult zebrafish. BMC developmental biology 6, 36.
Raymond, P.A., Rivlin, P.K., 1987. Germinal cells in the goldfish retina that produce rod
photoreceptors. Developmental biology 122, 120-138.
Reis, L.M., Semina, E.V., 2011. Genetics of anterior segment dysgenesis disorders. Current
opinion in ophthalmology 22, 314-324.
Rembold, M., Loosli, F., Adams, R.J., Wittbrodt, J., 2006. Individual cell migration serves as the
driving force for optic vesicle evagination. Science 313, 1130-1134.
Richardson, J., Cvekl, A., Wistow, G., 1995. Pax-6 is essential for lens-specific expression of
zeta-crystallin. Proceedings of the National Academy of Sciences of the United States of America
92, 4676-4680.

187

Riddle, R.D., Johnson, R.L., Laufer, E., Tabin, C., 1993. Sonic hedgehog mediates the polarizing
activity of the ZPA. Cell 75, 1401-1416.
Robbins, D.J., Fei, D.L., Riobo, N.A., 2012. The Hedgehog signal transduction network. Science
signaling 5, re6.
Robu, M.E., Larson, J.D., Nasevicius, A., Beiraghi, S., Brenner, C., Farber, S.A., Ekker, S.C.,
2007. p53 activation by knockdown technologies. PLoS genetics 3, e78.
Roche, O., Beby, F., Orssaud, C., Dupont Monod, S., Dufier, J.L., 2006. [Congenital cataract:
general review]. Journal francais d'ophtalmologie 29, 443-455.
Roessler, E., Belloni, E., Gaudenz, K., Jay, P., Berta, P., Scherer, S.W., Tsui, L.C., Muenke, M.,
1996. Mutations in the human Sonic Hedgehog gene cause holoprosencephaly. Nature genetics
14, 357-360.
Roessler, E., Ward, D.E., Gaudenz, K., Belloni, E., Scherer, S.W., Donnai, D., Siegel-Bartelt, J.,
Tsui, L.C., Muenke, M., 1997. Cytogenetic rearrangements involving the loss of the Sonic
Hedgehog gene at 7q36 cause holoprosencephaly. Human genetics 100, 172-181.
Rohatgi, R., Milenkovic, L., Scott, M.P., 2007. Patched1 regulates hedgehog signaling at the
primary cilium. Science 317, 372-376.
Rouillon, C., Zhou, M., Zhang, J., Politis, A., Beilsten-Edmands, V., Cannone, G., Graham, S.,
Robinson, C.V., Spagnolo, L., White, M.F., 2013. Structure of the CRISPR interference complex
CSM reveals key similarities with cascade. Molecular cell 52, 124-134.
Rousseau, B., Larrieu-Lahargue, F., Bikfalvi, A., Javerzat, S., 2003. Involvement of fibroblast
growth factors in choroidal angiogenesis and retinal vascularization. Experimental eye research
77, 147-156.
Rubenstein, J.L., Beachy, P.A., 1998. Patterning of the embryonic forebrain. Current opinion in
neurobiology 8, 18-26.
Ruhrberg, C., Bautch, V.L., 2013. Neurovascular development and links to disease. Cellular and
molecular life sciences : CMLS 70, 1675-1684.
Saint-Geniez, M., D'Amore, P.A., 2004. Development and pathology of the hyaloid, choroidal
and retinal vasculature. The International journal of developmental biology 48, 1045-1058.
Sakamoto, T., Sakamoto, H., Murphy, T.L., Spee, C., Soriano, D., Ishibashi, T., Hinton, D.R.,
Ryan, S.J., 1995. Vessel formation by choroidal endothelial cells in vitro is modulated by retinal
pigment epithelial cells. Archives of ophthalmology 113, 512-520.
Sanders, T.A., Llagostera, E., Barna, M., 2013. Specialized filopodia direct long-range transport
of SHH during vertebrate tissue patterning. Nature 497, 628-632.
Sanyanusin, P., Schimmenti, L.A., McNoe, L.A., Ward, T.A., Pierpont, M.E., Sullivan, M.J.,
Dobyns, W.B., Eccles, M.R., 1995. Mutation of the PAX2 gene in a family with optic nerve
colobomas, renal anomalies and vesicoureteral reflux. Nature genetics 9, 358-364.
Sasagawa, S., Takabatake, T., Takabatake, Y., Muramatsu, T., Takeshima, K., 2002. Axes
establishment during eye morphogenesis in Xenopus by coordinate and antagonistic actions of
BMP4, Shh, and RA. Genesis 33, 86-96.
Sasaki, H., Nishizaki, Y., Hui, C., Nakafuku, M., Kondoh, H., 1999. Regulation of Gli2 and Gli3
activities by an amino-terminal repression domain: implication of Gli2 and Gli3 as primary
mediators of Shh signaling. Development (Cambridge, England) 126, 3915-3924.
Scharer, C.D., McCabe, C.D., Ali-Seyed, M., Berger, M.F., Bulyk, M.L., Moreno, C.S., 2009.
Genome-wide promoter analysis of the SOX4 transcriptional network in prostate cancer cells.
Cancer research 69, 709-717.
Schauerte, H.E., van Eeden, F.J., Fricke, C., Odenthal, J., Strahle, U., Haffter, P., 1998. Sonic
hedgehog is not required for the induction of medial floor plate cells in the zebrafish.
Development (Cambridge, England) 125, 2983-2993.
Schepers, G.E., Teasdale, R.D., Koopman, P., 2002. Twenty pairs of sox: extent, homology, and
nomenclature of the mouse and human sox transcription factor gene families. Developmental cell
3, 167-170.
188

Schier, A.F., Shen, M.M., 2000. Nodal signalling in vertebrate development. Nature 403, 385389.
Schilham, M.W., Oosterwegel, M.A., Moerer, P., Ya, J., de Boer, P.A., van de Wetering, M.,
Verbeek, S., Lamers, W.H., Kruisbeek, A.M., Cumano, A., Clevers, H., 1996. Defects in cardiac
outflow tract formation and pro-B-lymphocyte expansion in mice lacking Sox-4. Nature 380,
711-714.
Schimmenti, L.A., 2011. Renal coloboma syndrome. European journal of human genetics : EJHG
19, 1207-1212.
Schimmenti, L.A., de la Cruz, J., Lewis, R.A., Karkera, J.D., Manligas, G.S., Roessler, E.,
Muenke, M., 2003. Novel mutation in sonic hedgehog in non-syndromic colobomatous
microphthalmia. American journal of medical genetics. Part A 116A, 215-221.
Schmid, B., Furthauer, M., Connors, S.A., Trout, J., Thisse, B., Thisse, C., Mullins, M.C., 2000.
Equivalent genetic roles for bmp7/snailhouse and bmp2b/swirl in dorsoventral pattern formation.
Development (Cambridge, England) 127, 957-967.
Schmitt, E.A., Dowling, J.E., 1994. Early eye morphogenesis in the zebrafish, Brachydanio rerio.
The Journal of comparative neurology 344, 532-542.
Schmitt, E.A., Dowling, J.E., 1996. Comparison of topographical patterns of ganglion and
photoreceptor cell differentiation in the retina of the zebrafish, Danio rerio. The Journal of
comparative neurology 371, 222-234.
Schrier Vergano, S.A., Santen, G., Wieczorek, D., Wollnik, B., Matsumoto, N., Deardorff, M.A.,
1993. Coffin-Siris Syndrome, in: Pagon, R.A., Adam, M.P., Ardinger, H.H., Wallace, S.E.,
Amemiya, A., Bean, L.J.H., Bird, T.D., Fong, C.T., Mefford, H.C., Smith, R.J.H., Stephens, K.
(Eds.), GeneReviews(R). University of Washington, Seattle
University of Washington, Seattle. All rights reserved., Seattle (WA).
Schwarz, M., Cecconi, F., Bernier, G., Andrejewski, N., Kammandel, B., Wagner, M., Gruss, P.,
2000. Spatial specification of mammalian eye territories by reciprocal transcriptional repression
of Pax2 and Pax6. Development (Cambridge, England) 127, 4325-4334.
See, A.W., Clagett-Dame, M., 2009. The temporal requirement for vitamin A in the developing
eye: mechanism of action in optic fissure closure and new roles for the vitamin in regulating cell
proliferation and adhesion in the embryonic retina. Developmental biology 325, 94-105.
Seeliger, M.W., Biesalski, H.K., Wissinger, B., Gollnick, H., Gielen, S., Frank, J., Beck, S.,
Zrenner, E., 1999. Phenotype in retinol deficiency due to a hereditary defect in retinol binding
protein synthesis. Investigative ophthalmology & visual science 40, 3-11.
Seki, K., Hata, A., 2004. Indian hedgehog gene is a target of the bone morphogenetic protein
signaling pathway. The Journal of biological chemistry 279, 18544-18549.
Semina, E.V., Brownell, I., Mintz-Hittner, H.A., Murray, J.C., Jamrich, M., 2001. Mutations in
the human forkhead transcription factor FOXE3 associated with anterior segment ocular
dysgenesis and cataracts. Human molecular genetics 10, 231-236.
Semina, E.V., Murray, J.C., Reiter, R., Hrstka, R.F., Graw, J., 2000. Deletion in the promoter
region and altered expression of Pitx3 homeobox gene in aphakia mice. Human molecular
genetics 9, 1575-1585.
Sen, J., Harpavat, S., Peters, M.A., Cepko, C.L., 2005. Retinoic acid regulates the expression of
dorsoventral topographic guidance molecules in the chick retina. Development (Cambridge,
England) 132, 5147-5159.
Shaham, O., Gueta, K., Mor, E., Oren-Giladi, P., Grinberg, D., Xie, Q., Cvekl, A., Shomron, N.,
Davis, N., Keydar-Prizant, M., Raviv, S., Pasmanik-Chor, M., Bell, R.E., Levy, C., Avellino, R.,
Banfi, S., Conte, I., Ashery-Padan, R., 2013. Pax6 regulates gene expression in the vertebrate lens
through miR-204. PLoS genetics 9, e1003357.

189

Shaham, O., Menuchin, Y., Farhy, C., Ashery-Padan, R., 2012. Pax6: a multi-level regulator of
ocular development. Progress in retinal and eye research 31, 351-376.
Shawber, C.J., Kitajewski, J., 2004. Notch function in the vasculature: insights from zebrafish,
mouse and man. BioEssays : news and reviews in molecular, cellular and developmental biology
26, 225-234.
Shen, M.C., Ozacar, A.T., Osgood, M., Boeras, C., Pink, J., Thomas, J., Kohtz, J.D., Karlstrom,
R., 2013. Heat-shock-mediated conditional regulation of hedgehog/gli signaling in zebrafish.
Developmental dynamics : an official publication of the American Association of Anatomists
242, 539-549.
Shen, Y.C., Raymond, P.A., 2004. Zebrafish cone-rod (crx) homeobox gene promotes
retinogenesis. Developmental biology 269, 237-251.
Shkumatava, A., Fischer, S., Muller, F., Strahle, U., Neumann, C.J., 2004. Sonic hedgehog,
secreted by amacrine cells, acts as a short-range signal to direct differentiation and lamination in
the zebrafish retina. Development (Cambridge, England) 131, 3849-3858.
Sinn, R., Wittbrodt, J., 2013. An eye on eye development. Mechanisms of development 130, 347358.
Sinner, D., Kordich, J.J., Spence, J.R., Opoka, R., Rankin, S., Lin, S.C., Jonatan, D., Zorn, A.M.,
Wells, J.M., 2007. Sox17 and Sox4 differentially regulate beta-catenin/T-cell factor activity and
proliferation of colon carcinoma cells. Molecular and cellular biology 27, 7802-7815.
Slavotinek, A.M., Chao, R., Vacik, T., Yahyavi, M., Abouzeid, H., Bardakjian, T., Schneider, A.,
Shaw, G., Sherr, E.H., Lemke, G., Youssef, M., Schorderet, D.F., 2012. VAX1 mutation
associated with microphthalmia, corpus callosum agenesis, and orofacial clefting: the first
description of a VAX1 phenotype in humans. Human mutation 33, 364-368.
Sock, E., Rettig, S.D., Enderich, J., Bosl, M.R., Tamm, E.R., Wegner, M., 2004. Gene targeting
reveals a widespread role for the high-mobility-group transcription factor Sox11 in tissue
remodeling. Molecular and cellular biology 24, 6635-6644.
Sorek, R., Kunin, V., Hugenholtz, P., 2008. CRISPR--a widespread system that provides acquired
resistance against phages in bacteria and archaea. Nature reviews. Microbiology 6, 181-186.
Soules, K.A., Link, B.A., 2005. Morphogenesis of the anterior segment in the zebrafish eye.
BMC developmental biology 5, 12.
Sowden, J.C., 2007. Molecular and developmental mechanisms of anterior segment dysgenesis.
Eye (London, England) 21, 1310-1318.
Sperry, E.D., Schuette, J.L., van Ravenswaaij-Arts, C.M., Green, G.E., Martin, D.M., 2016.
Duplication 2p25 in a child with clinical features of CHARGE syndrome. American journal of
medical genetics. Part A.
St-Jacques, B., Hammerschmidt, M., McMahon, A.P., 1999. Indian hedgehog signaling regulates
proliferation and differentiation of chondrocytes and is essential for bone formation. Genes Dev
13, 2072-2086.
Staals, R.H., Agari, Y., Maki-Yonekura, S., Zhu, Y., Taylor, D.W., van Duijn, E., Barendregt, A.,
Vlot, M., Koehorst, J.J., Sakamoto, K., Masuda, A., Dohmae, N., Schaap, P.J., Doudna, J.A.,
Heck, A.J., Yonekura, K., van der Oost, J., Shinkai, A., 2013. Structure and activity of the RNAtargeting Type III-B CRISPR-Cas complex of Thermus thermophilus. Molecular cell 52, 135145.
Stacher Horndli, C., Chien, C.B., 2012. Sonic hedgehog is indirectly required for intraretinal axon
pathfinding by regulating chemokine expression in the optic stalk. Development (Cambridge,
England) 139, 2604-2613.
Stenkamp, D.L., 2007. Neurogenesis in the Fish Retina. 259, 173-224.
Stenkamp, D.L., 2011. The rod photoreceptor lineage of teleost fish. Progress in retinal and eye
research 30, 395-404.
Stenkamp, D.L., Frey, R.A., 2003. Extraretinal and retinal hedgehog signaling sequentially
regulate retinal differentiation in zebrafish. Developmental biology 258, 349-363.
190

Stenkamp, D.L., Frey, R.A., Mallory, D.E., Shupe, E.E., 2002. Embryonic retinal gene expression
in sonic-you mutant zebrafish. Developmental dynamics : an official publication of the American
Association of Anatomists 225, 344-350.
Stenkamp, D.L., Frey, R.A., Prabhudesai, S.N., Raymond, P.A., 2000. Function for Hedgehog
genes in zebrafish retinal development. Developmental biology 220, 238-252.
Stenzel, D., Lundkvist, A., Sauvaget, D., Busse, M., Graupera, M., van der Flier, A., Wijelath,
E.S., Murray, J., Sobel, M., Costell, M., Takahashi, S., Fassler, R., Yamaguchi, Y., Gutmann,
D.H., Hynes, R.O., Gerhardt, H., 2011. Integrin-dependent and -independent functions of
astrocytic fibronectin in retinal angiogenesis. Development (Cambridge, England) 138, 44514463.
Stigloher, C., Ninkovic, J., Laplante, M., Geling, A., Tannhauser, B., Topp, S., Kikuta, H.,
Becker, T.S., Houart, C., Bally-Cuif, L., 2006. Segregation of telencephalic and eye-field
identities inside the zebrafish forebrain territory is controlled by Rx3. Development (Cambridge,
England) 133, 2925-2935.
Stone, J., Chan-Ling, T., Pe'er, J., Itin, A., Gnessin, H., Keshet, E., 1996. Roles of vascular
endothelial growth factor and astrocyte degeneration in the genesis of retinopathy of prematurity.
Investigative ophthalmology & visual science 37, 290-299.
Stone, J., Itin, A., Alon, T., Pe'er, J., Gnessin, H., Chan-Ling, T., Keshet, E., 1995. Development
of retinal vasculature is mediated by hypoxia-induced vascular endothelial growth factor (VEGF)
expression by neuroglia. The Journal of neuroscience : the official journal of the Society for
Neuroscience 15, 4738-4747.
Strauss, O., 2005. The retinal pigment epithelium in visual function. Physiological reviews 85,
845-881.
Sun, B., Mallampati, S., Gong, Y., Wang, D., Lefebvre, V., Sun, X., 2013. Sox4 is required for
the survival of pro-B cells. Journal of immunology 190, 2080-2089.
Swaroop, A., Kim, D., Forrest, D., 2010. Transcriptional regulation of photoreceptor
development and homeostasis in the mammalian retina. Nature reviews. Neuroscience 11, 563576.
Tabata, T., Eaton, S., Kornberg, T.B., 1992. The Drosophila hedgehog gene is expressed
specifically in posterior compartment cells and is a target of engrailed regulation. Genes Dev 6,
2635-2645.
Tachibana, M., 2000. MITF: a stream flowing for pigment cells. Pigment cell research /
sponsored by the European Society for Pigment Cell Research and the International Pigment Cell
Society 13, 230-240.
Takamiya, M., Weger, B.D., Schindler, S., Beil, T., Yang, L., Armant, O., Ferg, M., Schlunck,
G., Reinhard, T., Dickmeis, T., Rastegar, S., Strahle, U., 2015. Molecular description of eye
defects in the zebrafish Pax6b mutant, sunrise, reveals a Pax6b-dependent genetic network in the
developing anterior chamber. PloS one 10, e0117645.
Take-uchi, M., 2003. Hedgehog signalling maintains the optic stalk-retinal interface through the
regulation of Vax gene activity. Development (Cambridge, England) 130, 955-968.
Talbot, J.C., Amacher, S.L., 2014. A Streamlined CRISPR Pipeline to Reliably Generate
Zebrafish Frameshifting Alleles. Zebrafish 11, 583-585.
Tanaka, S., Kamachi, Y., Tanouchi, A., Hamada, H., Jing, N., Kondoh, H., 2004. Interplay of
SOX and POU factors in regulation of the Nestin gene in neural primordial cells. Molecular and
cellular biology 24, 8834-8846.
Terada, K., Kitayama, A., Kanamoto, T., Ueno, N., Furukawa, T., 2006. Nucleosome regulator
Xhmgb3 is required for cell proliferation of the eye and brain as a downstream target of Xenopus
rax/Rx1. Developmental biology 291, 398-412.
Tetreault, N., Champagne, M.P., Bernier, G., 2009. The LIM homeobox transcription factor Lhx2
is required to specify the retina field and synergistically cooperates with Pax6 for Six6 transactivation. Developmental biology 327, 541-550.
191

Thein, D.C., Thalhammer, J.M., Hartwig, A.C., Crenshaw, E.B., 3rd, Lefebvre, V., Wegner, M.,
Sock, E., 2010. The closely related transcription factors Sox4 and Sox11 function as survival
factors during spinal cord development. Journal of neurochemistry 115, 131-141.
Thummel, R., Enright, J.M., Kassen, S.C., Montgomery, J.E., Bailey, T.J., Hyde, D.R., 2010.
Pax6a and Pax6b are required at different points in neuronal progenitor cell proliferation during
zebrafish photoreceptor regeneration. Experimental eye research 90, 572-582.
Torres, M., Gomez-Pardo, E., Gruss, P., 1996. Pax2 contributes to inner ear patterning and optic
nerve trajectory. Development (Cambridge, England) 122, 3381-3391.
Torres, R., Martin, M.C., Garcia, A., Cigudosa, J.C., Ramirez, J.C., Rodriguez-Perales, S., 2014.
Engineering human tumour-associated chromosomal translocations with the RNA-guided
CRISPR-Cas9 system. Nature communications 5, 3964.
Trousse, F., Marti, E., Gruss, P., Torres, M., Bovolenta, P., 2001. Control of retinal ganglion cell
axon growth: a new role for Sonic hedgehog. Development (Cambridge, England) 128, 39273936.
Tsuji, N., Kita, K., Ozaki, K., Narama, I., Matsuura, T., 2012. Organogenesis of mild ocular
coloboma in FLS mice: failure of basement membrane disintegration at optic fissure margins.
Experimental eye research 94, 174-178.
Tsurusaki, Y., Koshimizu, E., Ohashi, H., Phadke, S., Kou, I., Shiina, M., Suzuki, T., Okamoto,
N., Imamura, S., Yamashita, M., Watanabe, S., Yoshiura, K., Kodera, H., Miyatake, S.,
Nakashima, M., Saitsu, H., Ogata, K., Ikegawa, S., Miyake, N., Matsumoto, N., 2014. De novo
SOX11 mutations cause Coffin-Siris syndrome. Nature communications 5, 4011.
Tukachinsky, H., Kuzmickas, R.P., Jao, C.Y., Liu, J., Salic, A., 2012. Dispatched and scube
mediate the efficient secretion of the cholesterol-modified hedgehog ligand. Cell reports 2, 308320.
Usui, A., Iwagawa, T., Mochizuki, Y., Iida, A., Wegner, M., Murakami, A., Watanabe, S., 2013a.
Expression of Sox4 and Sox11 is regulated by multiple mechanisms during retinal development.
FEBS letters 587, 358-363.
Usui, A., Mochizuki, Y., Iida, A., Miyauchi, E., Satoh, S., Sock, E., Nakauchi, H., Aburatani, H.,
Murakami, A., Wegner, M., Watanabe, S., 2013b. The early retinal progenitor-expressed gene
Sox11 regulates the timing of the differentiation of retinal cells. Development (Cambridge,
England) 140, 740-750.
Uy, B.R., Simoes-Costa, M., Koo, D.E., Sauka-Spengler, T., Bronner, M.E., 2014. Evolutionarily
conserved role for SoxC genes in neural crest specification and neuronal differentiation.
Developmental biology.
van de Wetering, M., Oosterwegel, M., van Norren, K., Clevers, H., 1993. Sox-4, an Sry-like
HMG box protein, is a transcriptional activator in lymphocytes. The EMBO journal 12, 38473854.
van den Heuvel, M., Ingham, P.W., 1996. smoothened encodes a receptor-like serpentine protein
required for hedgehog signalling. Nature 382, 547-551.
van Lookeren Campagne, M., Strauss, E.C., Yaspan, B.L., 2015. Age-related macular
degeneration: Complement in action. Immunobiology.
Varga, Z.M., Amores, A., Lewis, K.E., Yan, Y.L., Postlethwait, J.H., Eisen, J.S., Westerfield, M.,
2001. Zebrafish smoothened functions in ventral neural tube specification and axon tract
formation. Development (Cambridge, England) 128, 3497-3509.
Varga, Z.M., Wegner, J., Westerfield, M., 1999. Anterior movement of ventral diencephalic
precursors separates the primordial eye field in the neural plate and requires cyclops.
Development (Cambridge, England) 126, 5533-5546.
Vervoort, S.J., van Boxtel, R., Coffer, P.J., 2013. The role of SRY-related HMG box transcription
factor 4 (SOX4) in tumorigenesis and metastasis: friend or foe? Oncogene 32, 3397-3409.
Vinothkumar, S., Rastegar, S., Takamiya, M., Ertzer, R., Strahle, U., 2008. Sequential and
cooperative action of Fgfs and Shh in the zebrafish retina. Developmental biology 314, 200-214.
192

Vissers, L.E., van Ravenswaaij, C.M., Admiraal, R., Hurst, J.A., de Vries, B.B., Janssen, I.M.,
van der Vliet, W.A., Huys, E.H., de Jong, P.J., Hamel, B.C., Schoenmakers, E.F., Brunner, H.G.,
Veltman, J.A., van Kessel, A.G., 2004. Mutations in a new member of the chromodomain gene
family cause CHARGE syndrome. Nature genetics 36, 955-957.
Vyas, N., Walvekar, A., Tate, D., Lakshmanan, V., Bansal, D., Lo Cicero, A., Raposo, G.,
Palakodeti, D., Dhawan, J., 2014. Vertebrate Hedgehog is secreted on two types of extracellular
vesicles with different signaling properties. Scientific reports 4, 7357.
Wallace, V.A., 2008. Proliferative and cell fate effects of Hedgehog signaling in the vertebrate
retina. Brain research 1192, 61-75.
Wallace, V.A., Raff, M.C., 1999. A role for Sonic hedgehog in axon-to-astrocyte signalling in the
rodent optic nerve. Development (Cambridge, England) 126, 2901-2909.
Wan, Y., Almeida, A.D., Rulands, S., Chalour, N., Muresan, L., Wu, Y., Simons, B.D., He, J.,
Harris, W., 2016. The ciliary marginal zone of the zebrafish retina: clonal and time-lapse analysis
of a continuously growing tissue. Development (Cambridge, England).
Wang, Y., Dakubo, G.D., Thurig, S., Mazerolle, C.J., Wallace, V.A., 2005. Retinal ganglion cellderived sonic hedgehog locally controls proliferation and the timing of RGC development in the
embryonic mouse retina. Development (Cambridge, England) 132, 5103-5113.
Wang, Y., Zhou, Z., Walsh, C.T., McMahon, A.P., 2009. Selective translocation of intracellular
Smoothened to the primary cilium in response to Hedgehog pathway modulation. Proceedings of
the National Academy of Sciences of the United States of America 106, 2623-2628.
Wegner, M., 2010. All purpose Sox: The many roles of Sox proteins in gene expression. The
international journal of biochemistry & cell biology 42, 381-390.
Wen, W., Pillai-Kastoori, L., Wilson, S.G., Morris, A.C., 2015. Sox4 regulates choroid fissure
closure by limiting Hedgehog signaling during ocular morphogenesis. Developmental biology
399, 139-153.
West, H., Richardson, W.D., Fruttiger, M., 2005. Stabilization of the retinal vascular network by
reciprocal feedback between blood vessels and astrocytes. Development (Cambridge, England)
132, 1855-1862.
Westerfield, M., 2000. The zebrafish book. A guide for the laboratory use of zebrafish (Danio
rerio). Univ. of Oregon Press, Eugene. 4th ed.
Wiebe, M.S., Nowling, T.K., Rizzino, A., 2003. Identification of novel domains within Sox-2 and
Sox-11 involved in autoinhibition of DNA binding and partnership specificity. The Journal of
biological chemistry 278, 17901-17911.
Wiles, W.G.t., Mou, Z., Du, Y., Long, A.B., Scharer, C.D., Bilir, B., Spyropoulos, D.D., Jenkins,
N.A., Copeland, N.G., Martin, W.D., Moreno, C.S., 2014. Mutation of murine Sox4 untranslated
regions results in partially penetrant perinatal lethality. In vivo (Athens, Greece) 28, 709-718.
Williamson, K.A., FitzPatrick, D.R., 2014. The genetic architecture of microphthalmia,
anophthalmia and coloboma. European journal of medical genetics 57, 369-380.
Wilson, S.G., Wen, W., Kastoori, L.P., Morris, A.C., 2015. Tracking the fate of her4 expressing
cells in the regenerating retina using her4:Kaede zebrafish. Experimental eye research.
Wilson, S.W., Houart, C., 2004. Early steps in the development of the forebrain. Developmental
cell 6, 167-181.
Wolff, C., Roy, S., Ingham, P.W., 2003. Multiple Muscle Cell Identities Induced by Distinct
Levels and Timing of Hedgehog Activity in the Zebrafish Embryo. Current Biology 13, 11691181.
Wotton, D., Lake, R.A., Farr, C.J., Owen, M.J., 1995. The high mobility group transcription
factor, SOX4, transactivates the human CD2 enhancer. The Journal of biological chemistry 270,
7515-7522.
Wurm, A., Sock, E., Fuchshofer, R., Wegner, M., Tamm, E.R., 2008. Anterior segment
dysgenesis in the eyes of mice deficient for the high-mobility-group transcription factor Sox11.
Experimental eye research 86, 895-907.
193

Xu, Q., Wang, Y., Dabdoub, A., Smallwood, P.M., Williams, J., Woods, C., Kelley, M.W., Jiang,
L., Tasman, W., Zhang, K., Nathans, J., 2004. Vascular development in the retina and inner ear:
control by Norrin and Frizzled-4, a high-affinity ligand-receptor pair. Cell 116, 883-895.
Yen, S.T., Zhang, M., Deng, J.M., Usman, S.J., Smith, C.N., Parker-Thornburg, J., Swinton, P.G.,
Martin, J.F., Behringer, R.R., 2014. Somatic mosaicism and allele complexity induced by
CRISPR/Cas9 RNA injections in mouse zygotes. Developmental biology 393, 3-9.
Yokoi, H., Yan, Y.L., Miller, M.R., BreMiller, R.A., Catchen, J.M., Johnson, E.A., Postlethwait,
J.H., 2009. Expression profiling of zebrafish sox9 mutants reveals that Sox9 is required for retinal
differentiation. Developmental biology 329, 1-15.
Yokota, N., Mainprize, T.G., Taylor, M.D., Kohata, T., Loreto, M., Ueda, S., Dura, W.,
Grajkowska, W., Kuo, J.S., Rutka, J.T., 2004. Identification of differentially expressed and
developmentally regulated genes in medulloblastoma using suppression subtraction hybridization.
Oncogene 23, 3444-3453.
Yoon, J.W., Kita, Y., Frank, D.J., Majewski, R.R., Konicek, B.A., Nobrega, M.A., Jacob, H.,
Walterhouse, D., Iannaccone, P., 2002. Gene expression profiling leads to identification of GLI1binding elements in target genes and a role for multiple downstream pathways in GLI1-induced
cell transformation. The Journal of biological chemistry 277, 5548-5555.
Young, R.W., 1985. Cell differentiation in the retina of the mouse. The Anatomical record 212,
199-205.
Yu, C., Mazerolle, C.J., Thurig, S., Wang, Y., Pacal, M., Bremner, R., Wallace, V.A., 2006.
Direct and indirect effects of hedgehog pathway activation in the mammalian retina. Molecular
and cellular neurosciences 32, 274-282.
Yurco, P., Cameron, D.A., 2005. Responses of Muller glia to retinal injury in adult zebrafish.
Vision research 45, 991-1002.
Yurco, P., Cameron, D.A., 2007. Cellular correlates of proneural and Notch-delta gene expression
in the regenerating zebrafish retina. Visual neuroscience 24, 437-443.
Zapater, C., Chauvigne, F., Tingaud-Sequeira, A., Finn, R.N., Cerda, J., 2013. Primary oocyte
transcriptional activation of aqp1ab by the nuclear progestin receptor determines the pelagic egg
phenotype of marine teleosts. Developmental biology 377, 345-362.
Zeng, X., Goetz, J.A., Suber, L.M., Scott, W.J., Jr., Schreiner, C.M., Robbins, D.J., 2001. A
freely diffusible form of Sonic hedgehog mediates long-range signalling. Nature 411, 716-720.
Zhang, D., Golubkov, V.S., Han, W., Correa, R.G., Zhou, Y., Lee, S., Strongin, A.Y., Dong,
P.D., 2014. Identification of Annexin A4 as a hepatopancreas factor involved in liver cell
survival. Developmental biology 395, 96-110.
Zhang, R., Huang, H., Cao, P., Wang, Z., Chen, Y., Pan, Y., 2013. Sma- and Mad-related protein
7 (Smad7) is required for embryonic eye development in the mouse. The Journal of biological
chemistry 288, 10275-10285.
Zhang, X.M., Yang, X.J., 2001a. Regulation of retinal ganglion cell production by Sonic
hedgehog. Development (Cambridge, England) 128, 943-957.
Zhang, X.M., Yang, X.J., 2001b. Temporal and spatial effects of Sonic hedgehog signaling in
chick eye morphogenesis. Developmental biology 233, 271-290.
Zhao, L., Saitsu, H., Sun, X., Shiota, K., Ishibashi, M., 2010. Sonic hedgehog is involved in
formation of the ventral optic cup by limiting Bmp4 expression to the dorsal domain.
Mechanisms of development 127, 62-72.
Zuber, M.E., 2010. Eye field specification in Xenopus laevis. Current topics in developmental
biology 93, 29-60.
Zuber, M.E., Gestri, G., Viczian, A.S., Barsacchi, G., Harris, W.A., 2003. Specification of the
vertebrate eye by a network of eye field transcription factors. Development (Cambridge, England)
130, 5155-5167.

194

VITA
Author’s name: Wen Wen
Place of birth: Xinxiang, China

Education
2010-2016
2005-2009

Ph.D. in Biology, Department of Biology, University of Kentucky (UKY)
B.S. in Biological Science, College of Life Science, Henan University, China

Scholastic Honors
2015
2015
2015

Association of Emeriti Faculty Fellowship, UKY
Outstanding Poster Award, BGSFN 31st Spring Neuroscience Day, Lexington
First place, Graduate student poster competition, 1st annual postdoctoral research
symposium, UKY
2013-2015 Academic Year Fellowship (Competitive reapplications), Graduate School, UKY
2012-2014 Ribble Mini-grant, Department of Biology, UKY
2013-2015 Ribble Enrichment Funds for Travel, Department of Biology, UKY
2013
Secretary of the Biology Graduate Student Association
2007
China National Scholarship, Ministry of Education, China
Publications
1. Wen Wen, Lakshmi Pillai-Kastoori, Stephen G. Wilson, and Ann C. Morris. (2015) Sox4
regulates choroid fissure closure by limiting Hedgehog signaling during ocular
morphogenesis. Developmental Biology, 399:139-153.
2. Lakshmi Pillai-Kastoori*, Wen Wen*, Ann C. Morris. (2015) Keeping an eye on SOXC
proteins. Developmental Dynamics, 244:367-376. *co-first authors.
3. Stephen G. Wilson, Wen Wen, Lakshmi Pillai-Kastoori, Ann C. Morris. (2015) Tracking the
fate of her4 expressing cells in the regenerating retina using her4:Kaede zebrafish.
Experimental Eye Research, 145:75-87.
4. Lakshmi Pillai-Kastoori, Wen Wen, Stephen G. Wilson, Erin Strachan, Adriana Lo-Castro,
Marco Fichera, Sebastiano A. Musumeci, Ordan J. Lehmann, Ann C. Morris. (2014) Sox11 is
required to maintain proper levels of Hedgehog signaling during vertebrate ocular
morphogenesis. PLOS Genetics, 10(7):e1004491.
5. Wang ZY, Zhou L, Wang X, Sun YP, Wen W. (2009) Effect of Hyperlipemia on NPY-like
Neurons of Cerebral Cortex in Rats. Progress of Anatomical Sciences,15(2):206-208.
6. Song M, Wang W, Wen W. (2008) Study of Chronic Live Injury Model Induced with
Carbon Tetrachloride and Alcohol in Mice. Progress in Veterinary Medicine, 29:5-9.
Service
2014
2012-2016
2012-2014
2011

Moderator, National Conferences on Undergraduate Research (NCUR), Lexington
Science Fair Judge, Ashland Elementary School, Lexington
Science Fair Judge, Arlington Elementary School, Lexington, Kentucky
Cat’s Day Out (Orientation for potential first generation college aspirants), UKY
195

